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Abstract 
Waste materials are hazardous if they display toxic, corrosive or other 
characteristics which have the potential to cause danger to health or the 
environment. New regulations to meet the requirements of the Landfill Directive 
contain controls on hazardous waste including the requirement to pre-treat 
hazardous waste prior to disposal and to ensure these wastes meet stringent 
waste acceptance criteria (WAC) on leachability. Waste from the cleaning of 
combustion gases produced from municipal solid waste (MSW) incineration is 
classed as hazardous by virtue of their corrosive properties. The majority of these 
air pollution control (APC) residues which contain dioxins, heavy metals and high 
levels of chloride are currently sent to landfill. To meet the new controls, pre- 
treatment will be required to improve the handling properties and reduce the 
release of chloride ions into the environment. 
Ordinary Portland cement (OPC) is used to treat hazardous wastes. The solid form 
produced with the addition of OPC is however susceptible to degradation from 
aggressive leaching fluids and may release contaminants over time. Additives with 
high silica content can be used to interact with free lime produced during OPC 
hydration to improve the physical and chemical properties of the solid waste form. 
The treatment of MSW APC residues with sodium silicate and cement produces a 
solid waste form with a reduced structural integrity and a tendency to breakdown 
under attack from aggressive fluids. Silica 'gels' are formed during initial setting 
reactions which 'depolymerise' with fluid ingress to form new calcium rich silica 
'gels' within cracks and voids of the solid waste form. Expansion due to water 
absorption and continual 'gel' formation causes structural failure. The addition of 
sodium silicate to sludges produced from a current treatment by mixing MSW APC 
residues with other mixed hazardous waste improves strength development by 
'encapsulating' the waste sludge inside a calcium/silica 'gel'. This stops 
components of the sludge from interfering with normal OPC hydration. 
The treatment of MSW APC residues with sodium silicate will not produce a solid 
form to meet the new waste acceptance criteria. However, sodium silicate has the 
potential to improve handling and structural integrity of the sludge produced from 
the current treatment process. 
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Executive summary 
Introduction 
A waste material is hazardous if it displays toxic, corrosive, carcinogenic or other 
characteristics and has the potential to cause danger to health or the environment. 
Regulatory controls and waste management techniques are constantly being 
implemented updated and improved to ensure that substances displaying these 
properties are controlled and their impact on the environment reduced. 
The special waste regulations [The Special Waste Regulations 1996 SI 1996 No. 
972] were introduced to ensure hazardous wastes are identified in accordance with the 
hazardous properties they display. Wastes that exceed thresholds for these properties 
are required to be handled differently to other wastes to ensure these substances do 
not cause harm to the environment. Specific sections of the landfill regulations [The 
Landfill (England and Wales) Regulations SI 2002 No. 1559, The Landfill (England 
and Wales) (Amendment) Regulations 2004 SI 2004 No. 1375] to comply with the 
landfill directive [Council Directive 99/31/EC] require that hazardous wastes are not 
mixed with non hazardous wastes and the waste is pre-treated prior to disposal. Pre- 
treatment will need to control the release of the hazardous components of the waste 
over time and/or chemically alter the waste to a less toxic form. The technology used 
to pre-treat hazardous waste must produce a final product that can meet certain criteria 
set by the regulations. Waste acceptance criteria (WAC) which sets limits on the 
leachability of hazardous substances within the waste, will need to be met by the 
treatment process used. 
The Landfill Directive has also introduced controls to reduce the amount of 
biodegradable material disposed to landfill by a third of 1995 levels in 2020. In 
2002/03, people in England produced 29.3 million tonnes of municipal solid waste up 
from 28.7 million tones in 2001/02,1.4 tonnes for every household, 75% being 
disposed of to landfill [DEFRA, 2004]. Although progress has been made to reduce the 
levels of biodegradable disposal, primarily by recycling and composting, alternative 
municipal waste disposal techniques such as incineration may require expansion. 
In 2003, there were 12 municipal solid waste incinerators in England burning 
approximately 2.6 million tones of municipal waste [Environment Agency, 2002]. 
However, due to health concerns relating to the possible release of dioxins and heavy 
metals into the atmosphere from the waste combustion process, in addition to 
relentless campaigning by local residents and pressure groups, local councils have 
resisted planning applications for new incinerators. As well as combustion gases, 
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MSW incinerators produce two solid waste streams, incinerator bottom ash (IBA) and 
air pollution control (APC) residues. APC residues are products of the combustion gas 
cleaning process and contain higher concentrations of dioxins, heavy metals, sulphur 
and chloride compared to levels in IBA. The application of lime to neutralise acid 
gases is the main reason. APC residues are hazardous since they are classed as 
corrosive because of their high alkalinity. Since the majority of APC residues are 
currently sent to landfill with only small amounts treated prior to disposal, large volumes 
of APC residues will therefore require pre-treatment to reduce leachability and improve 
the handling properties of the waste. The application of solidifying materials to form a 
solid with improved structural integrity and resistance to aggressive fluid attack would 
produce a solid waste form that has potential to meet these new waste acceptance 
standards. 
A wide range of techniques have been developed by mixing Ordinary Portland Cement 
(OPC) and waste materials to form a solid. The interaction of OPC with the waste may 
also alter the chemical properties of the hazardous substance to a more stable, non- 
reactive form. Techniques developed using cement to manage hazardous materials 
are often referred to as solidification/stabilisation (S/S). The ultimate aim of the 
process is to solidify and stabilise the waste by chemical reaction to reduce its toxicity. 
The solid form produced with the addition of OPC is however susceptible to 
degradation from aggressive leaching fluids and may release contaminants over time. 
Additives can be used with OPC to improve the solid product and reduce contaminant 
release. Industrial process by-products such as pulverised fuel ash (PFA) and rice 
husk ash (RHA) can be utilised to improve durability, produce higher strength and 
demonstrate economic savings. These materials are termed 'Pozzolans' and are 
defined as "siliceous and aluminous material which do not posses cementing 
properties, but in a finely defined form, and in the presence of moisture, chemically 
react with calcium hydroxide (lime) produced from cement hydration". Pozzolanic 
reactions occur over time as the lime is released as cement hydrates and therefore, 
improvements to the solid form can be slow. The addition of silica in a liquid form to 
cement and waste materials will allow reactions to occur instantaneously to form a 
solid. 
Ineos Silicas produce a wide range of sodium silicates solutions with different sodium 
and silica concentrations. These solutions have the potential to react with multivalent 
cationic metals and reduce contaminant release when mixed with cementitious 
additives and waste materials. 
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The main objective of this research project is therefore to identify improvements to the 
treatment of MSW APC residues with the addition of liquid sodium silicates. The aim is 
produce a solid waste form that is resistant to attack by aggressive fluids and 
demonstrates reduced leachability to meet the requirements of the new waste 
acceptance criteria for hazardous waste disposal to landfill. The experimental program 
will involve investigating the interactions of OPC and sodium silicate with two different 
waste types, MSW APC residues, a fine grained grey solid and the sludge produced 
from a current APC residue treatment process. 
Literature Review 
A large amount of research into the use of cement and cementitious material occurred 
in the United States when the Superfund Innovative Technology Evaluation (SITE) was 
developed with technology vendors and the United States Environmental Protection 
Agency (USEPA) [EPA540/A5-89/001, EPA/540/5-89/00, EPA/540/A5-89! 005a, 
EPA/540/AR-92/010, EPA/540/A5-891011]. Vendors of technologies developed during 
this program all make claims on the ability of their process to contain and interact with 
hazardous waste materials. Proprietary mixtures were added to waste materials some 
being based on soluble or powdered silicates. A lack of clarity, patent controls and 
poor explanations on the mechanisms involved when 'secret' ingredients were mixed 
led to a lack of confidence in the long-term stability of the solid product [Cheeseman, 
Sollars and Perry, 1996]. For future development the reaction mechanisms that occur 
between cementitious materials and wastes need improved methods of investigation. 
The main components of OPC are tricalcium and dicalcium silicates with lesser 
amounts of tricalcium aluminates, tetracalcium alumino ferrite and calcium sulphate 
[Neville, 1983]. When OPC is dispersed in water, calcium ions from these compounds 
are leached to form a solution of calcium hydroxide (CH) [Birchall, et al, 1980]. The 
CH is thought to react with silicic acids on the surface of the cement to form a 
gelatinous semi-permeable membrane of calcium silicate hydrate (CSH) [Double and 
Hellawell 1977]. Investigations into the affect of heavy metal oxides of Cr, Cu, Zn, As, 
Cd, Hg and Pb on the these initial reactions found that early hardening and strength 
development are adversely affected due to the interaction of metals with cement paste 
[Tashiro and Oba, 1980; Tashiro, Oba and Akama, 1979; Tashiro, et al, 1977]. 
Strength is primarily controlled by the amount of CSH in the final product [Glasser, 
1997]. However, CH produced will shrink as the cement cures and water is lost, 
producing small voids in the cement matrix. This reduces its final strength and 
increases the permeability of the solidified mass [Reifsnyder and Besemer, 1991]. 
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Soluble components, principally Na20 and K20, concentrate in the pore waters. The 
larger the amount of these species present, the higher the internal alkalinity of the pore 
fluids. The consequence of this high internal pH is that the high hydroxyl concentration 
suppresses the solubility of Ca [Glasser, 1997]. It has been suggested that the ratio of 
C/S in CSH formed in cement can influence the type of metal fixation reactions that 
may occur [Bhatty, 1985; 1987]. At high C/S ratios, CSH has a positive surface 
charge and thus sorbs mainly anionic species. However, as the surface charge 
becomes positive, as occurs at low C/S ratios, the more siliceous CSH's exhibit 
improved sorption for cations [Glasser, 1993]. 
The alkalinity of the material, the open porosity of the product, and the surface-to- 
volume ratio prove to be important factors controlling the release of potential hazardous 
elements from materials containing waste products [van der sloot et al, 1989]. 
Resistance of a cement-based matrix to acid attack will depend not only on the ability 
of the matrix components to neutralise acid, but also on the matrix microstructure, 
which determines the surface area in contact with acid, and the characteristics of the 
degradation products from acid attack, which may form a protective surface layer 
[Pavllk, 1994]. 
Sodium silicates are defined in accordance with their silica/sodium ratio (Rw), the 
majority of production being Rw = 2.0 (alkaline glass) or Rw = 3.3 (neutral glass) [Barby 
et al, 1977]. The structure of the glasses is based on tetrahedral SiO4 groups that are 
associated as polysilicates anions by sharing comers of the tetrahedra. Low ratio 
silicates are dominated by small cyclic or linear silicate ions with higher ratio silicates 
containing a higher level of three-dimensional branched polysilicates (Kirk-Othmer, 
1996]. The addition of an acid or a salt that is acidic relative to the silicate anion 
enhances a condensation reaction. When the concentration is sufficiently high, a gel 
network is formed. [Reifsynder and Besemer, 1991]. In waste treatment, silicates are 
used for their alkalinity, gel forming properties and reactivity with multivalent cations 
[Reifsynder and Besemer, 1991]. 
Sodium silicates are a primary component of the Chemfix® process [Conner, US 
Patent, 1974]. The process is claimed to be based on three phases of reaction; an 
initial rapid reaction between the soluble silicate and all polyvalent metal ions to form 
insoluble metal silicates, followed by a slower reaction between the silicate and cement 
to form a gel [Poon, et al, 1985]. However, since silica suspended in a solution of 
most polyvalent metal salts begins to absorb metals ions when the pH is raised within 
1-2 units below the pH at which the polyvalent hydroxide is precipitated [Iler, 1979]., 
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precipitation as the silicate may not occur if the system is already above the absorption 
point [Conner, 1990]. 
Research into the interactions of sodium silicates with OPC suggest the set time is 
decreased, the permeability of the final material is reduced and the final compressive 
strength is increased [Reifsynder and Besemer, 1991]. Added silica can also reduce 
the calcium and hydroxyl concentrates, leading to the formation of a lower C/S ratio 
hydrate [Stein and Stevels, 1964]. The impregnation of cement surfaces with silicate 
based liquids can also reduce fluid ingress by the deposition of amorphous silica in 
pores [Artenzi, Massidda and Sanna, 1993]. 
Investigations into the interactions of MSW fly ash with cement have shown that an 
optimum level of 10% MSW fly ash replacement improves strength development 
compared to a cement alone mix [Cheong, Tay and Show, 2000; Hwa and Kiat, 
1991]. It has also been shown that setting times increase and mix fluidity decreases 
with an increase MSW fly ash addition. This has been attributed to the high chloride 
content which is well known as a 'set accelerator' [Redmond at al, 1998,1999]. 
However, during monolith leaching test experiments on MSW fly ash stabilised using 
the Chemfix® process, the structural integrity of solid form failed before the test could 
be completed [Kosson, Kosson and Sloot, 1993]. 
Method development and Instrumental techniques 
The experimental program to meet the research objective when sodium silicate is 
mixed with OPC and APC residues must investigate three key areas. 
" The mixing, setting and the strength development of the solid waste form 
" The internal structure of the solid waste form 
" The ability of the solid waste form to resist attack from aggressive fluids 
Set times were determined by using a cone penetrometer with a plunging mechanism. 
The distance of penetration into the mix taken at set time intervals (0.01 mm) 
determines the set rate of the mix. Strength development of the solid waste form is 
investigated by preparing cores of the solidified material in plastic moulds and testing 
for unconfined compressive strength (USC) at set time intervals using a Zwick 030 with 
a 5OKn test cell. 
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The internal structure of the solid waste form is investigated by a variety of techniques. 
Mercury instruction porosimetry (MIP) using a micrometrics Autopore 9220 is used to 
measure the internal porosity of the solid form. Pore volumes are measured by the 
intrusion of mercury into open pores under pressure. The ability of the solid form to 
allow fluids to enter the pores within the solid is measured by placing the solid form in a 
tray of water and calculating the weight increase over time. The results are used to 
determine the sorptivity of the solid waste form [Hall, 1994, Mette et al (Rilem Report 
12), 1995]. Images of the internal structure of the solid waste form at high 
magnification are inspected using a Scanning Electron Microscope (SEM). The SEM 
beams electrons at a thin section of the solid waste form in a vacuum chamber. This 
beam irradiates the specimen which in turn produces a signal in the form of 
backscattered electrons (BSE). BSE emission intensity is a function of the specimen's 
atomic number; i. e., the higher the atomic number, the brighter the signal. The signals 
received are used to form an image on a cathode ray tube. The SEM used is a JEOL 
JSM-5310LV using a 20kv accelerating voltage which is equipped with an oxford 
energy dispersive X-ray spectrometer. 
The ability of the final solid form to resist breakdown from fluid attack and release 
hazardous substances within the waste is determined by using two types of leaching 
procedures. The Acid Neutralisation Capacity (ANC) determines the buffering capacity 
of the solid waste form with increasing additions of nitric acid [EPS/3/HA17,1990]. A 
sample of the solid waste form is broken down to produce a fine grained material 
approximately 150µm in size. Increasing concentrations of nitric acid are mixed with 
different portions of the fine grained sample and mixed over time. The pH of leachate 
liquor is recorded and analysed for cations and anions to determine contaminants 
released. The release of contaminants from monoliths of the solid waste form are 
determined by using an adapted version of the ANSI/ANS-16 test [ANSI/ANS-16.1, 
1986]. Samples are placed in nitric acid leachants of increasing concentration with 
leachant replacement at fixed time intervals up to 64 days. The leachate produced at 
different time intervals is analysed for cations and anions to determine contaminants 
released. Solids and dissolved solids produced during the leaching process are also 
determined. Cations are determined using Inductively Coupled Plasma Atomic 
Emission Spectroscopy (ICP-AES) techniques with a Varian Liberty II sequential 
instrument. Anions are determined by using Ion Chromatography (IC) Dionex 100 Ion 
Chromatograph equipped with an lonpac AS4A-SC column: fluoride, chloride, nitrite, 
bromide, nitrate, phosphate, and sulphate. The leachate is introduced into the column 
and different anions are separated between the column stationary and liquid phase. 
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The time each anion interacts with the stationary phase will determine when the anion 
is finally eluted from the base of the column. 
Material Characterisation 
The waste types chosen for investigation with sodium silicate and OPC are MSW APC 
residues and the sludge produced from the current MSW APC treatment process 
carried out by Lanstar CSG Environmental at their treatment plant in Cadishead, 
Manchester. This treatment plant received MSW APC residues from municipal waste 
incinerators at Bolton and Coventry for treatment during the research program. These 
waste types are termed APC for the MSW APC residues and MO for the sludge 
produced from the current treatment process throughout the experimental program. 
When municipal waste is incinerated two primary solid waste streams are produced, 
Incinerator Bottom Ash (IBA) and Air Pollution Control (APC) residues. These residues 
are strongly alkaline materials, containing high concentrations of lime and other 
calcium compounds, and soluble metal chlorides. They are produced from the addition 
of lime and carbon to clean the combustion gases prior to emission to the atmosphere 
and contain substantially higher levels of dioxins and some toxic metals than IBA. The 
high alkalinity of APC residues as a result of lime addition classifies this material as 
hazardous by virtue of its corrosive properties [The Special Waste Regulations 1996 
SI 1996 No. 972]. 
The treatment process currently used by Lanstar CSG Environmental involves mixing 
other hazardous wastes such as non-volatile organic liquids or sludges, e. g. emulsion 
paint residues, latex, waste oils, toxic metal acid wastes, waxes and greases with MSW 
APC residues. The alkalinity, dryness, very small particle size and hence large surface 
area make APC residues useful reagents for treating a range of industrial wastes. The 
wastes are adsorbed onto or absorbed by the powders, making them capable of 
conventional solid waste handling techniques. 
The analysis of APC residues shows high concentrations of CaO and Cl and lesser 
amounts of A1203, K2O, Na2O, SiO2 and SO3 with trace amounts of Fe, Pb, Ti and Zn. 
The analysis of MO shows high concentrations of CaO, Fe2O3, SiO2 and SO3 with 
lesser amounts of Na2O, AI2O3, K2O, MgO, and TiO2 and trace amounts of Ca, Al, Fe, 
Na, Si, Zn, Cr, Cu, K and Ni. The sodium silicate used in this research is termed 0079 
in accordance with Ineos Silicas sodium silicate grading system. This sodium silicate 
contains 28.54% S102,8.63% Na2O and has a pH of 11.6. Trace amounts of Al, Cl, Fe 
Ti and SO4 are also present giving total solids of 37.47%. The analysis OPC shows 
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high concentrations of CaO, Si02, and lesser amounts of A1203, Fe203, MgO and S03- 
with trace amounts of K, Na, Si, Ti and Zn. 
Preliminary Research - Pozzolans and method development 
The initial research program involved investigating the interactions of 0079 with OPC 
and pozzolans to develop a preferred suite of experimental procedures and a refined 
methodology. Problems with the experimental procedures were identified and changes 
made for the experimental program involving the addition of different waste types. 
The preliminary research identified that the preferred addition sodium silicate quantity 
should be 8% by volume, the mix water should be added to produce a water/solids 
ratio in the mix of 0.5 and the sodium silicate with the lowest alkalinity (e. g. 0079) 
should be used for the next experimental stage. The replacement of OPC with 
pozzolans at 20% and 80% by weight dilutes the effect of OPC and its contribution to 
strength. 
The further use of pozzolans in the research program was stopped to focus the 
investigations on sodium silicate addition to OPC and MSW APC residues. This was 
required to meet the core aims and objectives and reduce the experimental program. 
Discussion 
The addition of 0079 to OPC shows a reduction in set times and an improved 1 day 
strength. However, as the solid form continues to cure, samples with 0079 addition 
retard strength development and the final strength is lower. The addition of 0079 also 
reduces the amount of bleed water (bleed water is the amount of water that appears on 
the top of the mix after a period of settlement) and increases the amount of free water 
(free water is the amount of water held within the pores of the solid form). 
When 0079 is added to an APC/OPC mix there is no effect on the setting rate although 
set time reduction is observed for the addition of 0079 to OPC. Set rate is controlled by 
the increasing replacement of OPC with APC. The high concentration of chloride ions 
within APC is responsible for the observed set rates since chloride is known as a 'set 
accelerator'. Strength development is also reduced as a result of the higher internal 
porosity demonstrated by larger amounts of free water and MIP investigations. The 
addition of 0079 to a MO/OPC mix reduces set times and improves strength 
development, although large volumes of free water and total porosities are also 
observed. 
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SEM images of an APC/OPC solid waste form with 0079 addition show distinct 
features, calcium and silica rich at the edge and dominated by silica with lesser 
amounts of calcium sodium and potassium at the centre with a complete volume loss at 
the centre with some examples. Images of MO/OPC solid waste forms with 0079 
addition show 'spherical' structures with the edges dominated by calcium, silica with 
lesser amounts of sodium and the centres dominated by chromium, zinc and chloride 
ions. This calcium/silica rich layer has placed a 'barrier' between MO and OPC 
stopping the hazardous substances from retarding OPC hydration. 
The addition of 0079 to APC/OPC and MO/OPC solid forms reduces the amount of 
fluid uptake during sorptivity tests due to the formation of silica 'gels' in pores during 
mixing or as a result of silica rich pore fluids reforming 'gel' structures within the solid 
form. This mechanism results in 'expansive' gel formation and structural failure for 
APC/OPC solid forms at an early stage of the test. Photographs of an APC/OPC solid 
waste form at the end of the monolithic leaching test also show structural failure and 
expansion of the solid. However, this breakdown of the solid form is not evident for the 
addition of 0079 to MO/OPC systems which shows an improvement to the structural 
integrity of the solid waste demonstrated by a reduction in solids in the monolith 
leachate solution. 
SEM analysis of the leached APC/OPC solid form with 0079 addition shows the 
formation of calcium rich silica 'gels' within voids and cracks. Theses structures also 
contain minor amounts of chloride, potassium and zinc. An observable reduction in the 
amount of chloride ion released is demonstrated during the monolith leaching of the 
APC/OPC solid form when 0079 has been added. 
The mechanisms involved when 0079 is added to APC/OPC to form a solid and then 
subjected to aggressive fluids are; 
" Formation of calcium rich silica layer around the added 0079 containing soluble 
species such as K and Na. 
" Depolymerisation of the silica rich centre by the action of Na and K hydroxides 
forming smaller linear chain silicate species. 
" Movement of this silica rich fluid into the surrounding solid to form calcium rich 
silica 'gels' in cracks and voids 
" Expansion and structural failure of the solid form as these 'gels' increase in size 
and absorb water. 
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" Minor containment of elements in or on these newly formed 'gels' e. g. chloride 
The mechanisms involved when 0079 is added to MO/OPC to form a solid and then 
subjected to aggressive fluids are; 
" Formation of a calcium/silica layers around the added MO. A physical barrier 
forms between OPC and MO . e. g. `micro' encapsulation. This stops the metals 
in the waste from interacting with OPC and retarding hydration. 
" This barrier allows OPC hydration reactions to continue and increase the 
strength of the solid form. This provides a greater resistance to aggressive fluid 
attack and reduced release of metals within the solid form. 
Conclusions 
The main conclusions from the research project on how the addition of sodium silicate 
(0079) can improve the pre-treatment of MSW APC residues and the waste sludge 
(MO) produced from the current treatment process are; 
" The solid form produced when MSW APC residues are mixed with OPC and 
0079 is structurally weak and is subject to expansion and failure when exposed 
to leaching fluids. 
The structural failure due to the formation of expansive calcium rich silica 'gels' within 
cracks and voids will lead to solid form breakdown. This is the result of alkali rich pore 
fluids 'depolymerising' silica 'gels' within the solid. The requirement to meet the new 
standards for leachability to meet the WAC is unlikely to be met with the addition of 
0079 to MWS APC residues. 
"A solid form is produced with improved structural integrity when mixed 
hazardous waste treated with MSW APC residues (MO) are added to OPC and 
0079. 
The addition of 0079 produces a solid with improved handling properties immediately 
after the treatment process. The disposal of liquid wastes to landfill has been banned 
since 2001 and the solid form produced will meet these requirements for disposal. 
Resistance to attack by leaching fluids will reduce the leachability of contaminants 
within the solid form. Evidence for the leaching tests carried out shows a small 
reduction in the release of contaminants released. 
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Calcium/Silica Ratio 
Central Analytical Department 
Covercrete Absorption Test 
Comprehensive Environmental Response Compensation Liability Act 
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Calcium Hydroxide 
Chemical Oxygen Demand 
Calcium Silicate Hydrate 
Department for Environment Food and Rural Affairs 
Department of the Environment Transport and the Regions 
Energy Dispersive X-ray Analysis 
European Waste Code 
Fly Ash 
Furnace Atomic Absorbtion Spectrometry 
Fourier Transform Infra Red 
Ground Granulated Blastfumace Slag 
High density 
Hydrofluoric Acid 
Hazardous Waste Directive 
Hazardous Waste List 
Hazardous Waste Treatment 
Ion Chromatography 
Inductively Coupled Plasma 
Inductively Coupled Plasma Optical Emission Spectroscopy 
interpenetrating polymer network 
Initial Surface Absorption Test 
Low Density 
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MO Metal/Organic 
MPa Mega Pascals 
MSW Municipal Solid Waste 
MSW IBA Municipal Solid Waste Incinerator Bottom Ash 
MSW APC Municipal Solid Waste Air Pollution Control 
N/mm2 Newtons per mm squared 
NMR Nuclear Magnetic Resonance 
OPC Ordinary Portland Cement 
PCB Polychlorinated Biphenyl 
PFA Pulverised Fuel Ash 
QAS Quaternary Ammonium Salts 
RE Research engineer 
S/S Stabilisation/Solidification 
SARA Superfund Amendments and Reauthorisation Act 
SEM Scanning Electron Microscopy 
SEPA Scottish Environment Protection Agency 
SITE Superfund Innovative Technology Evaluation 
SNRHW Stable Non Reactive Hazardous Waste 
SPLP Synthetic Precipitation Leaching Procedure 
STC Silicate Technology Corporation 
TCLP Toxicity Characteristic Leaching Procedure 
TDS Total Dissolved Solids 
U. S. United States 
USEPA United States Environment Protection Agency 
WAC Waste Acceptance Criteria 
WAP Waste Acceptance Procedures 
W/C Water/Cement Ratio 
XRD X-Ray Diffraction 
XRF X-Ray Fluorescence 
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1.0 Introduction 
1.1 Introduction 
Industrialisation over the last century has not come without a price. It relies on 
continued access to limited material resources and it has imposed demanding burdens 
on the environment. The prospects of global warming, ozone depletion, pollution of 
water supplies, soil degradation, deforestation, and desertification are beginning to 
haunt civilisation and there is a growing demand for action to be taken. On a global 
scale, governments have began to address the legacy of the industrial world with 
summits on global warming, waste management and strategies for the future e. g. 
sustainable development. On a local scale, legislation and waste management 
strategies have been implemented to deliver a policy to protect the environment. 
A major effort has been focused on the handling, storage and disposal of hazardous 
waste materials to reduce their effect on the environment with the implementation of 
waste management strategies and innovative techniques to reuse or contain the 
components of these wastes. If hazardous waste materials could be contained for long 
periods of time or reused in some manner, then their impact on the environment could 
be reduced. The drivers for research programs to develop new techniques to carry out 
this process have evolved from a number of key areas in environmental protection. 
1.2 Waste management strategy 
Waste management policy is based on the reduction, reuse and recycling of waste so 
that its impact on the environment is reduced. In the UK, governments have developed 
waste management strategies driving towards controlling the disposal of waste [SEPA, 
1999; DETR, 2000; Welsh Assembly, 2002; Strategy Unit, 2002; SEPA, 20031 
putting forward blueprints for sustainability involving the control of waste produced 
throughout the UK. In England and Wales around 400 million tonnes of waste are 
produced each year, which includes 48 million tonnes industrial waste, 30 million 
tonnes commercial waste and 28 million tonnes of municipal waste. The remaining 
300 million tonnes is made up of construction and demolition, agricultural, mining 
wastes, sewage sludge and dredged spoils. It is estimated that between 170 and 210 
million tonnes of waste are produced each year in households, commerce and industry 
with nearly 60% being disposed of in landfill sites with only 17% of municipal waste 
being recovered [DETR, 2000] (see Table 1). To address the large amounts of waste 
being produced in the UK, a waste hierarchy has been developed which is based on 
reduction, reuse and recycle. The waste hierarchy is a conceptual framework, which 
acts as a guide that should be considered when assessing the 'Best Practical 
Environmental Option' (BPEO). Although recycling strategies are proving to be 
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effective, new strategies are required to reduce waste disposal and address the control 
of 'hazardous waste'. 
Table I Waste Disposal and Reuse 
Recovery 
Landfill (Including recycling 
and composting) 
(%) (%) 
Recycling ! 
Composting 
% 
Industrial Waste 
(excluding construction and 47 45 39 
demolition waste) 
Commercial Waste 66 33 29 
Municipal Waste 83 17 9 
The implementation of the Landfill Directive [Council Directive 991311EC] and its 
subsequent enforcement into UK law [Landfill (England & Wales) Regulations No. 
1559 SI 2002; Landfill (England & Wales) (Amendment) Regulations No. 1375 SI 
2004j is driving major changes to waste disposal, principally banning co-disposal of 
mixed wastes and setting targets for the reduction in the disposal of biodegradable 
wastes. An additional part of the directive involves the implementation of controls to 
pre-treat hazardous wastes before disposal to landfill. Although this approach may be 
seen as a traditional 'end of pipe' technology, there may be no alternative once all 
other waste management technologies have been pursued. If the waste can be altered 
to reduce its toxicity and contaminant release then the remaining waste material will 
have a reduced impact on the environment. 
1.3 Contaminated land an industrial legacy 
The amount of contaminated land left over from uncontrolled industrial practises has 
left an 'environmental scar' on the landscape that requires treatment before it can be 
reused. The Environment Agency estimates that about 5,000 sites in England and 
Wales may require remedial works because they pose an unacceptable risk to human 
health or the environment (Figure 1). With the implementation of Part IIA of the 
Environment Protection Act 1990 [EPA, 1990], in which Local Authority have a duty to 
register areas of contaminated land within their jurisdiction, these estimates are likely to 
rise. With increasing pressure on greenbelt and the countryside, the Government has 
a target for 60% of new homes and conversions to be on previously developed land by 
2008 in England. 
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Figure 1 Estimates of Contaminated Land In England 
(http: //www. environmentagency. gov. uk/submects/landgualityl. 
The remediation of contaminated land often includes demolition and levelling although 
more 'innovative' technologies such as bioremediation have been developed. 
Treatment can be a difficult task if contaminants have been allowed to leach into the 
soil over a large area. Difficulties also arise if little information is available concerning 
the waste types and if the contaminants cannot be removed from the soil for reuse. 
Removing the contaminated soil to landfill only moves the problem and does not solve 
it. The only alternative is to treat the soil "in situ" so that there is a reduction in the 
release of contaminants into the environment over time and to improve the soils' 
structural properties so that the land can be reused. 
1.4 Sustainable construction and secondary aggregate production 
Construction and demolition waste represents a large portion of total waste generated. 
Improving the efficiency of the construction industry is a key objective of the 
government, which was central to the message developed in 'Rethinking Construction' 
[Egan, J, 1998]. Recycling construction and demolition waste as a substitute for 
primary aggregates has a double benefit - reducing both the amount of this waste 
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which is landfilled, and the environmental impacts of quarrying primary minerals. 
Under the Finance Act 2001 [DEFRA, 2001], the Government has introduced an 
Aggregates Levy to reflect the environmental costs of aggregates quarrying and 
encourage demand for, and supply of, alternative materials such as mineral, recycled 
construction and demolition wastes. The levy will also help tackle the present high 
levels of waste in the use of construction materials. Progress on the use of secondary 
materials such as Ground Granulated Blast Furnace slag and Pulverised Fuel Ash 
(from coal powered power stations) has already been made for use in the construction 
industry [DETR, 1998] and research is ongoing on the use of Municipal Solid Waste 
Incinerator bottom ash (MSWIBA) as a secondary aggregate [York, 2000]. The 
utilisation of these materials in the production of secondary aggregates is driven by the 
ability of these materials to form a solid mass when mixed with additional solidifying 
material. With the increasing costs associated with primary aggregate extraction driven 
by increases in the aggregate levy, research will develop to introduce additional waste 
materials into secondary aggregate production. 
1.5 Waste treatment - Stabilisation and solidification 
To adapt to changes in environmental legislation and improve the efficiency of 
brownfield site development, new and innovative waste management technologies will 
be required. The pre-treatment of hazardous waste before disposal will require a 
treatment process that can either control the release of the hazardous components of 
the waste over time or chemically alter the waste to a less toxic form. Contaminated 
land remediation requires a strategy to improve the land to be re-used, an operation 
that has often seen the removal of contaminated material to landfill, a process that is 
becoming increasingly cost prohibitive. Technologies to render the land 'suitable for 
use' that do not involve the removal of the contamination to landfill are becoming 
increasingly economic. Processes need to be developed that is cost effective and 
reduces the impact of the waste material on the environment or in fact, alters the waste 
material to such an extent that re-use as a raw material is an option. One such 
process is to chemically stabilise, mix or bind the waste material with solidifying agents. 
The stabilisation and solidification of hazardous waste has received a large amount of 
interest as a viable technique to be used in an integrated waste management strategy. 
The main aim of this technology is to achieve the following [Barth et al, 1990]. 
Improve the handling and physical characteristics of the waste 
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" Decrease the surface area of the waste mass across which transfer or loss of 
contaminants can occur 
" Limit the solubility of any constituents of the waste 
The terminology used to describe the processing can be misleading and there has 
been a tendency to use solidification, stabilisation, chemical fixation and immobilisation 
interchangeably [Conner, 1990], but there is general agreement to the basic principles 
involved in the technology [Wiles, 1992; Barth et al, 1990]. Solidification is a process 
in which materials are added to the waste to produce a solid mass. Binders such as 
OPC have often been used as the solidifying agent because of their ability to, when 
mixed with water, hydrate to form a solid mass with structural integrity [Lea, 1971; 
Taylor, 1990]. Solidification does not always involve a reaction with the waste 
components, the binders or additives used can simply encapsulate and surround the 
waste particles to prevent aggressive fluids from attacking and releasing the 
contaminants. Stabilisation refers to a process by which a waste is converted to a 
more chemically stable form. The term may include solidification, but relates to the 
chemical reaction which transforms the toxic component to a new non-toxic compound 
or substance. Components of the waste can react with cement or additional propriety 
additives that can enhance chemical reactivity with the waste. The terms chemical 
fixation and immobilisation are often used to describe this process where the active 
components of the waste react or become immobilised as a consequence of the 
addition and reaction of additives and binders. 
1.5.1 Inorganic additives and binders 
Cement based stabilisation/solidification (S/S) involves the mixing of Ordinary Portland 
Cement (OPC) with waste. Water is added to the mix so that the cement can hydrate, 
set and harden [Skalny and Daugherty, 1972] to form a soil-like or solid monolith 
depending on the amounts of cement added. The waste becomes incorporated within 
the cement matrix and may undergo physical-chemical reactions that alter the waste 
into a less toxic form with reduced mobility [Barth et al, 1990]. The waste added to 
cement can affect the normal hydration reactions or 'poison' [Hills, Sollars and Perry, 
1994] the cement system that leads to poor strength development and in some cases, 
stops the cement from setting leaving a semi-solid mix with free liquid [ENDS Report 
181,1990]. This free liquid contains waste materials that are mobile and are free to 
affect the surrounding environment. To enhance the ability of cement to solidify waste, 
additional materials can be added to improve strength, affect setting times and in some 
cases react directly with the waste. Inorganic additives such as Ground Granulated 
Blast Furnace Slag (GGBS) [Ahmed and Buenfeld, 1997], Pulverised Fuel Ash (PFA) 
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from coal powered power stations [Sear, 1998], Silica fume [Salas, de Gutierrez, and 
Delvasto, 1997; Quaresima, et al, 1996], Metakaolin [Ambroise, Maximillen, and 
Pera, 1994], Rice Husk Ash [Amer, et all, 1997; James, 1992] and Powdered/Soluble 
silicates [Kikuchi, et al, 1992; Mennings, Reifsnyder and Rock, 1991] have all been 
used in some way with and without cement to improve the final waste product. Most of 
these materials contain silica in some form, which can react with components of the 
cement and the waste to improve chemical bonding. 
1.5.2 Organic additives and binders 
The utilisation of organic additives has involved the used of materials such as asphalt, 
bitumen, organic polymers and organophillic clays [Anderson, 1994]. Asphalt 
[Kandhal, 1993; Decker, 1994], bitumen [Sobolev et al, 2000] and polyethylene [Kalb 
and Lageraaen, 1996] additives involve Vitrification of the waste. The result of these 
systems is the formation of a continuous hydrophobic phase around the waste solids 
with the final product being a solid mass, impermeable to water, with waste solids 
uniformly distributed throughout. The main disadvantage of these technologies is the 
possible release of volatile organic compunds by using hot materials and the costs 
involved in using special organic materials. Organophillic exchanged clays and 
charcoal have been shown to be effective pre-solidification adsorbents of a range of 
organic wastes [Sheriff et al, 1989]. Quaternary ammonium salt (QAS) exchanged 
clay enhances the clay's capacity to adsorb organic compounds from aqueous media 
[Pollard et al. 1991] and are used to adsorb organic material before additional binders 
are added to solidify the waste. This allows added cement to set without interference 
from the waste [Montgomery, Sollars and Perry, 1991]. Vitrification systems are 
solidification processes that employ heat to melt and convert waste materials into glass 
or other crystalline products [EPA/625/R-921002,1992]. Waste materials, such as 
heavy metals and radionuclides can be incorporated into the glass structure, which 
produces a strong, durable material that is resistant to leaching. Most technologies use 
either an electrical source [Ecke, et al, 2001], heat source or plasma discharge 
[Haugsten and Gustavson, 2000]. Vitrification can be very expensive due to the large 
energy input required to carry out the process. 
1.5.3 Technology deficiencies 
The main advantages and disadvantages of the technologies discussed are presented 
in Table 2 (adapted from Pojasek, 1979). Environmental management strategies that 
use 'Best Available Technology Not Exceeding Excessive Cost' (BATNEEC) as a 
compliance tool are unlikely to use technologies that are expensive although they may 
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Table 2 Advantages and Disadvantages of SIS Processes (adapted from Pojacek, 
1979). 
PROCESS ADVANTAGES 
Cement " Additives are available at a 
Based reasonable price. 
" Cement mixing and handling 
techniques are well developed. 
" Processing equipment is readily 
available 
" Processing is reasonably 
tolerant of chemical variations in 
sludges. 
" The strength and permeability 
of the end product can be varied by 
controlling the amount of cement 
added 
Thermoplastic " Contaminant migration rates 
are generally lower than for most 
other techniques. 
" End-product is fairly resistant 
to most aqueous solutions 
" Thermoplastic materials 
adhere well to incorporated 
materials 
Organic " Only small quantities of 
Polymers additives are usually required to 
cause the mixture to set 
" Techniques can be applied to 
either wet or dry sludges 
" End-product has a low density 
as compared to other fixation 
techniques 
Encapsulation " Very soluble contaminants are 
totally isolated from the 
environment. 
" Usually no secondary 
container is required, because the 
coating materials are strong and 
chemically inert. 
Vitrification . Incorporates and immobilizes 
the broadest range of element 
oxides into chemically durable 
glass products. 
. Destroys organic compounds 
and combustible material 
Provides high volume 
reduction 
. Produces little or no secondary 
wastes. 
DISADVANTAGES 
" Low-strength cement waste mixtures 
are often vulnerable to acidic leaching 
solutions. Extreme conditions can result 
in decomposition of the fixed material 
and accelerated leaching of the 
contaminants 
" Pre-treatment, more expensive 
cement types, or costly additives may be 
necessary for stabilisation of wastes 
containing impurities that affect the 
setting and curing of cement 
" Cement and other additives add 
considerably to weight and bulk of waste 
" Expensive equipment and skilled 
labour are generally required 
" Sludges containing contaminants that 
volatise at low temperatures must be 
processed carefully 
" Thermoplastic materials are 
flammable 
" Wet sludges must be dried before 
they can be mixed with the thermoplastic 
material 
" Contaminants are trapped in only a 
loose resin-matrix end product 
" Catalysts used in the urea- 
formaldehyde process are strongly 
acidic. 
" Most metals are extremely soluble at 
low pH and can escape in water not 
trapped in the mass during the 
polymerisation process 
" Some organic polymers are 
biodegradable 
" End-product is generally placed in a 
container before disposal. 
" Materials used are often expensive 
" Techniques generally require 
specialised equipment and heat 
treatment to form jackets 
" The sludge has to be dried before the 
process can be applied 
" Certain jacket materials are 
flammable 
" Very expensive equipment and 
skilled labour required to operate system 
" Large amounts of energy used in all 
Vitrification processes - Increases costs 
" Limited availability of equipment - 
specialists 
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improve the final waste product. Vitrification carries high costs, which make it unlikely 
to be used with hazardous waste although the technology may be appropriate for 
radioactive waste, which requires that the waste be completely contained for a long 
period of time. Concerns about using hot bitumen and asphalt have been expressed in 
relation to the possible release of volatile metals and organics during the process, 
although recycled and waste materials have been used for road construction 
[Sherwood, 1995]. Cementitious technologies can be relatively cheap and in some 
cases the additives used are waste products. However, the solid mass is susceptible 
to degradation from aggressive leaching fluids and may release contaminants over 
time although cementitious S/S technologies will probably have as their objective a 
slow, controlled release of toxics. The present indications are that this can be 
achieved, at least, in principle, by appropriate design of cement-based systems and of 
appropriate siting for disposal [Glasser, 1993]. There is therefore, an opportunity for 
different industries to develop 'special additives' that can be used to improve the 
process as well as expand product markets into the waste treatment sector. 
1.6 Sponsor company - INEOS Silicas 
The EngD program involves the collaboration of a sponsor company who have a 
vested interest in the final outcome of the research. As part of the personal skills 
development, the student is placed at the sponsor company throughout the research to 
gain industrial experience as well as the carrying out the experimental program. 
INEOS Silicas (formerly Crosfield Ltd) put forward an interest to sponsor a student to 
develop and adapt production materials in the treatment of hazardous waste. 
INEOS Silicas manufacture bulk silicate based products for a number of markets 
including detergents, catalysts and adhesives. The base component for the majority of 
these markets is sodium silicate, which is made by mixing, at high temperature, pure 
silica and alkali carbonate to produce a sodium silicate glass. Solutions of sodium 
silicates with SiO2/M20 ? 1.5 are colourless and viscous with their reactivity with 
multivalent cationic metals being considered the key to soluble silicates' role in waste 
stabilisation and fixation [Reifsynder and Besemer, 1991]. 
INEOS Silicas have seen an opportunity to expand their business into the waste 
management field by using silicate based materials as an additive to treat hazardous 
waste. Research has already been carried out by other silicate manufacturing 
companies around the world, most of which has been developed by the PQ 
Corporation, Valley Forge, PA, USA. Although INEOS Silicas have a large technology 
and knowledge base concerning the use of silicates, they have little information on the 
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ability of silicate derivatives to treat waste. Competing companies are unlikely to share 
propriety information and therefore, there is a need to fill the information gap so that 
INEOS Silicas can develop a market position within the waste treatment industry. This 
can be achieved by applying the knowledge base that has been developed from the 
long history of silicate use and its applications within other business areas (further 
information about the history of INEOS Silicas and the applications of sodium silicate 
within the business can be found in Appendix 1). 
1.7 Research drivers 
It is apparent that there is a need for research into new innovative technologies to 
handle waste and remediate contaminated land. It is also important from a commercial 
point of view that this type of technology can develop new markets for companies 
involved in the manufacture of waste S/S additives, and this is certainly true for INEOS 
Silicas who have seen a opportunity to expand their business into a potential growth 
market. The principle drivers for this research program are; 
" Pre-treat hazardous waste that is intended for disposal under the new 
regulations outlined by the Landfill Directive. 
" Develop technologies that can treat contaminated land to an acceptable level 
for future development and reduce the impact of this contamination on the 
environment. 
" Form an integral part of the waste management strategy once all other options 
have been exhausted. Final disposal to controlled landfill needs to be 
considered. 
" The impact of the aggregate tax on primary aggregates will make the re-use of 
waste materials in secondary aggregates a viable cost effective option. 
" Business opportunities are available for manufactures that can supply the 
required level of technological background concerning the use of their `special' 
additives to treat hazardous waste. 
There is an identifiable opportunity for increased research in the handling and 
treatment of hazardous waste. The research, however, must be conducted so that it 
delivers the required information to waste treatment facilities on handling, chemical 
properties and long term stability of the final waste form. There is also a need to meet 
environmental legislation regulated by the Environmental Agency by meeting standards 
on contaminant release which can only be determined by exposing the final waste form 
to fluids that may come into contact with the waste in its final end use, whether it be 
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disposal or reuse. This can be achieved by importing these requirements into a 
structured research project. 
1.8 Research aims and objectives 
The aim of this research is to investigate the potential application of sodium silicate 
with cementitious binders for the S/S of waste materials in an attempt to reduce the 
leaching and improve strength characteristics of the final products. To achieve this 
main objective, a number of investigations need to be carried out along three basic 
research areas. 
1.8.1 Initial mixing, setting rate and strength development 
The reactions that occur almost immediately after mixing are often the most important 
areas of investigation. During this period, components of the cement and waste 
become soluble and reactions can take place that may alter the final product. The 
sodium silicate added is already in a soluble state and can easily react with the soluble 
components of the waste and cement. The influence the waste has on the cement can 
be measured by the time the mix takes to set and the strength development of the solid 
mass. 
1.8.2 Microstructural analysis of solid mass 
Once the mixed material has attained a solid state, the reaction mechanisms that occur 
during the setting and strength development can be explored by examining the internal 
structure of the solid waste form. Porosity and Scanning Electron Microscope (SEM) 
analysis can be used to develop a better microstructural understanding of the 
mechanisms that have taken place during strength development. 
1.8.3 Solid mass breakdown and contaminant leaching 
By adding aggressive fluids, the ability of the final solid waste form to retain 
contaminants within the structure can be determined. An important part of the 
acceptability of a technology is its waste retention potential over time. This is usually 
the only way in which different technologies are compared and environmental 
compliance can be achieved. 
1.9 Research program 
This research does not intend to develop a new waste treatment technology to be used 
by the sponsor company, but to fill a technology gap within INEOS Silicas for future 
development. By understanding the interactions of soluble sodium silicates with 
cement and different waste types, INEOS Silicas can move forward to offer waste 
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treatment organisations extensive information on the role soluble silicates may be able 
to play within the waste management field. With limited background information 
available, the initial research program involved the following; 
" Develop an understanding on how sodium silicate mixes with a range of 
different binders and additives based on material handling, mix set and strength 
development. 
" Adapt methodology and instrumentation according to initial findings and trouble 
shoot as problems arise. 
" Assess results and determine the effect of sodium silicate addition 
Once the initial research phase has been completed, a preferred solidification 
stabilisation system for further study will be put forward. The assessment criteria used 
will be based not only on the interpretations made from the initial experimental work, 
but also on the research direction most beneficial to the sponsor company. Once this 
has been carried out, the second stage will begin. 
" Initiate second research phase to introduce different waste types to a number of 
preferred mixes. 
" Interpret final results in relation to reaction mechanisms, microscopic features 
and contaminant release. 
" Present completed research with explanations on the interactions of sodium 
silicate with waste and put forward additional experimental work required. 
It may be pertinent to point out at this stage that although the issues surrounding the 
treatment of contaminated land have been stated as a principle driver for the research, 
the experimental program will not use a contaminated soil waste for investigation. The 
treatment of contaminated land using this type of technology has a long history and in 
fact, is the primary driver for most 'in situ' process developments. It is the intention of 
this research to look at new waste management areas where this process can be 
exploited on a commercial basis. The final results and interpretation from the research, 
however, could be easily applied to contaminated land waste materials when 
cementitious additives with soluble sodium silicate are used to treat the waste. 
The research aims and objectives provide a brief insight into the experimental program 
to be used within the research. A detailed research program needs to be established 
in relation to experimental work, method development and analytical techniques 
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employed. This can only be carried out once an extensive appreciation of previous 
research has been established. A critical review of the literature will highlight how the 
technology has been developed and some of the problems that have occurred in the 
past. It will also provide information on the areas that are poorly understood, as is 
often the case when new technologies are patented. 
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2.0 Literature review 
2.1 Development of solidification/stabilisation technology (S/S) 
The first established use of the term solidification and stabilisation appeared in the 
1950's when there became a need to handle radioactive waste materials before long - 
term storage. This initial process used large amounts of OPC to produce a solid mass, 
which led to a massive increase in the volume of the final waste product. This large 
increase led to high costs in transportation and disposal, although costs were not 
deemed as important compared to the containment of the waste over time. The 
solidification process was also very difficult to predict with varying set times due to the 
retardation of the cement caused by the waste itself [Conner. J, 1990]. 
This early application of cement to contain waste by the nuclear industry began to gain 
interest from developing waste management activities in the United States (U. S. ) 
during the 1970's & 80's. Up until this time, there was little waste management control, 
but the occurrence of a number of pollution incidents and increasing environmental 
awareness led to calls for waste control from industrial activities. The implementation 
of waste control regulations became a driving force for technological development to 
control waste releases to the environment [SWD, 1965; RCRA, 1976]. The process of 
solidification and stabilisation became a viable technology with site trials and research 
beginning to increase [EPA/625/6-89/022]. 
There appears to be one drawback to this period of interest in S/S technologies. With 
increasing regulation and calls for waste control from concerned members of the 
public, waste management organisations could see the potential to gain a leading 
position in the hazardous waste treatment market. Technologies were developed using 
'magic ingredients' that were kept secret by patent control. The main requirement 
involved solidifying the waste to improve structural integrity and therefore little research 
was carried out to investigate the chemical reactions between proprietary ingredients 
and the components of the waste. The potential of the waste to be released back into 
the environment was rarely considered. This invariantly led to situations when the 
waste did not solidify causing a poisoning of the waste/cement system [ENDS Report, 
181,1990; & 186,1990]. 
Over the next decade, S/S technologies began to mature into an accepted 
environmental technology but unfortunately there was still a limited amount of 
information concerning the processes that occur in S/S treatment. Vendors of S/S 
technologies are not inclined to provide detailed information concerning mechanisms 
on how their products accomplished solidification or stabilisation. Vendors and users 
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are only required to show that the technology meets certain regulatory requirements for 
physical stability and leaching of hazardous constituents. Recently, however, research 
has started to concentrate on the reaction mechanisms that occur between 
components of the waste and the solidifying agent, primarily cement. With the 
investigation of chemical reaction mechanisms using increasingly sophisticated 
analytical instrumentation, researchers are able to make positive statements on how 
waste can be solidified and most importantly, how long the waste material can be 
retained within the solid structure [Spence, 1993]. 
2.2 Superfund innovative technology evaluation (SITE) 
A major step forward in the use of cement and cementitious material occurred in the 
U. S. when hazardous waste disposal practises and the environmental and human 
health impacts caused U. S. Congress to enact the Comprehensive Environmental 
Response, Compensation, and Liability Act [CERCLA 'Superfund', 1980] of 1980. 
The original act established a Hazardous Substance Response Trust Fund to deal with 
costs incurred in cleanups of hazardous materials; this fund has become known as the 
Superfund. U. S. Environment Protection Agency (USEPA) has proceeded to 
investigate potentially dangerous hazardous waste sites and to establish national 
priorities for site cleanups. The ultimate objective of the investigation is to develop 
plans for permanent, long-term site cleanups. Congress expressed concern over the 
use of land-based disposal and containment technologies to mitigate problems caused 
by releases of hazardous substances at hazardous waste sites. In response to this 
concern, the 1986 reauthorisation of CERCLA, called the Superfund Amendments and 
Reauthorisation Act of 1986 [SARA, 1986], mandates that, to the maximum extent 
practicable, the USEPA select remedial actions at Superfund sites that create 
permanent solutions with regard to affects on human health or the environment. In 
doing so, the USEPA was directed to make use of innovative, alternative, or resource 
recovery technologies. The USEPA developed the SITE program to accelerate the 
development, demonstration, and the use of new or innovative technologies that offer 
permanent site cleanup. The program had four primary objectives [Barth, 1992]. 
" To conduct demonstrations of the more promising innovative technologies to 
establish reliable performance and cost information for site characteristics and 
cleanup decision making 
" To identify and remove impediments to the development and commercial use 
of alternative technologies 
" To develop procedures and policies that encourage the selection of available 
alternative treatment remedies at superfund sites as well as other waste sites 
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and commercial facilities 
0 To structure a development program that nurtures emerging technologies. 
A number of organisations took up the opportunity to demonstrate developed S/S 
technologies on selected contaminated 'superfund' sites to assess performance and 
market their waste treatment technology. 
2.2.1 HAZCON solidification process 
The HAZCON process is a cement based process in which the contaminated material 
is mixed with OPC, a patented additive called 'Chloranan' and water, a process which 
is capable of treating solids, sludges, semi solids or liquids [EPA540/A5-89/001]. The 
developer claims that the mixture hardens into a cohesive mass that immobilises 
contaminants with the addition of 'Chloroanan' making it possible to fixate wastes 
contaminated with high concentrations of organic compounds. Cement hardens in a 
process brought about by the interlacing of thin, densely packed silicate fibres that 
grow from the individual cement particles. The fibre matrix incorporates the added 
aggregates and the waste into a monolithic, rocklike mass with the waste soil becoming 
entrapped in the rigid matrices of the hardened concrete. The 'Chloranan' is claimed to 
act upon the waste to remove the inhibiting effect that organic contaminants normally 
have on the crystallisation of pozzalonic materials such as cement, by reacting to form 
a coating around the organic molecules. The micro-encapsulation prevents the 
organics from inhibiting the normal crystallisation of the OPC. 
Physical properties of wastes treated by HAZCON were claimed to be good. Chloranan 
appears to mitigate some detrimental effects of organics on the rate of cement 
hydration reactions, allow solidification of waste high in organics and improve some 
physical properties of the treated material. 'Chloranan' may also alter and improve the 
ability of portland cement to immobilise heavy metals. However, it does not appear to 
enhance the immobilisation of organics, except possibly in select applications. 
2.2.2 Solidtech process 
Solidtech Inc. claims that its solidification/stabilisation process chemically and 
physically immobilises hazardous constituents in waste material [EPA/540/5-89/005 & 
EPA/540/A5-89/005a]. This immobilisation occurs by one or more of the following 
processes: encapsulation, adsorption, and incorporation into the crystalline structure of 
the solidified material. The Soliditech process uses propriety a reagent 'Urrichem'; 
propriety additives; pozzolans such as fly ash, kiln dust, or cement; and water to 
solidify solids and sludge containing organic and inorganic chemicals typically found at 
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hazardous waste sites. The chemical reagent and propriety additives are mixed in a 
batch process with the waste material, water, and the pozzalonic materials to solidify 
the waste materials by chemical and physical processes. Once thoroughly mixed, the 
treated waste is discharged from the mixer and allowed to cure. The final product is 
claimed to be a monolithic material with measurable structural strength and significantly 
reduced leaching potential. 
Data from all the extraction and leaching tests showed negligible release of 
contaminants. Neither Poly Chlorinated Biphenyls (PCB's) nor volatile organic 
compounds were detected in the extracts of treated wastes and significantly reduced 
amounts of metals were detected in extracts of treated wastes compared to untreated 
wastes, principally, arsenic, lead and zinc. The treated waste had significant structural 
integrity, low permeability (10-7 cm/sec) and higher bulk density than the untreated 
wastes. It was also shown that pH values were highly influenced by the alkalinity of the 
OPC. 
2.2.3 Silicate Technology Corporation (STC) 
STC's contaminated soil process utilises silicate compounds to chemically stabilise 
organic and inorganic constituents in contaminated soils and sludges [EPA/540/AR- 
92/010]. The vendor claims that propriety silicate reagents adsorb and chemically fix 
organic and inorganic contaminants prior to solidifying the waste with cementitious 
materials resulting in a high-strength, leach-resistant monolith. Treatability studies and 
site investigations were conducted to determine the necessary type and amounts of 
reagents according to the waste characteristics. 
STC has developed two groups of reagents: SOILSORB HM for treating wastes with 
inorganic constituents and SOILSORB HC for treatment with organic constituents. 
These two groups of reagents can be combined to treat wastes containing both organic 
and inorganic contaminants. Stabilisation of wastes with inorganic constituents 
involves silicate forming reactions resulting in the incorporation of heavy metal ions into 
the crystal lattice structure of a highly insoluble calcium-alumino-silicate compound. 
The reactions effectively immobilise the contaminants, thereby reducing potential for 
leaching. A silicate solidifying agent microencapsulates the alumino-silicate 
compounds to form another physical barrier to leaching. The result is a very stable 
compound analogous to common rock forming silicate minerals. 
STC's technology for treating organic wastes utilises a three-step process in which 
organic compounds in the waste are sequestered by a modified alumino-silicate 
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mineral. The silicate is surface modified with organic compounds creating a layered 
structure that consists of organic layers sandwiched between the alumino-silicate 
layers. Upon mixing with the organic wastes, this modified silicate bonds organic 
contaminants into the layers of the organically surface-modified alumino-silicate 
compound through a partitioning reaction. STC claims that the organic layers of the 
modified silicate can absorb as much as 20 times their own weight of organic 
constituents. The process managed to stabilise contaminated soils containing both 
inorganic and semi-volatile organic contaminants with the final mass increasing in 
volume by 59 to 75 percent. 
2.2.4 The Hazardous Waste Treatment (HWT) 
The Hazardous Waste Treatment (HWT) set of chemical fixation or detoxification 
products (HWT-20) generate a complex crystalline, connective network of inorganic 
polymers [EPA/540/5-89/004a]. These macromolecules are made up of selected 
polyvalent inorganic elements that react to produce branched and cross-linked 
polymers of sufficient density to cause some interpenetrating polymer network (IPN) 
bonding. These polymers have high resistance to acids and other naturally existing 
deteriorating factors. There is a two-phased reaction, in which the toxic elements and 
compounds are complexed first in a fast-acting reaction, and then permanently 
complexed further in the building of macromolecules, which continue to generate over 
a long period of time. The first phase of the chemical fixation reaction can be 
described as generating irreversible colloidal structures and chemical reactions with 
toxic metals and organics via special intercalation compounds. These are compounds 
that provide interactions between organics in the soil and the silicate-based molecules 
in the additive mix. The second phase, the generation of the macromolecular 
framework, is also a relatively irreversible colloidal synthesis. However, this is a 
slower-moving reaction, going from solution to gel to a crystalline three-dimensional 
inorganic polymer. Sodium silicate is used in this process to provide a quick setting 
boundary layer between the treated waste and the surrounding host material, which 
HWT claim, is not an integral part of their treatment process. The process did appear 
to immobilise PCBs. However, because of the very low PCB concentration in the 
leachates, caused in part by the low concentrations of PCBs in the untreated and 
treated soils, absolute confirmation of PCB immobilisation in the SITE program was not 
possible. Physical properties were satisfactory except for the freeze/thaw weathering 
test, where considerable degradation of the test specimens occurred. 
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2.2.5 Chemfix technologies 
The Chemfix Technologies, Inc (Chemfix®) S/S technology for high solids-content 
wastes and soils is a patented process for 'ex-situ' S/S of hazardous wastes using 
propriety additives such as soluble silicates and calcium containing reagents 
[EPA/540/A5-89/011]. The Chemfix® process is a technology with patented additives 
originally formulated in the early 1970's principally by Jesse Conner [Conner, US 
Patent, 1974; Conner, et al. US Patent, 1974; Conner, et al, 1977; Conner, US 
Patent, 1985]. Chemfix® also holds a patent on specific process mixing equipment 
used to solidify/stabilise wastes which has been applied on the process and 
formulations to a wide variety of wastes. Originally, the process was used primarily to 
solidify/stabilise liquid waste and semi-liquid wastes into a solid-like material suitable 
for transport or land disposal. After the passage of the Resources Conservation and 
Recovery Act (RCRA) in 1976 and the regulations implementing RCRA, the process 
was used to limit contaminant mobility in hazardous wastes. 
The Chemfix® process can treat solids, liquids and sludges ranging between 8 and 75 
percent solids by weight. It is based on the use of a propriety family of polysilicates 
(CHEMSET C-220) and dry calcium containing reagents (CHEMSET 1-20). The two- 
phase inorganic chemical system reacts with polyvalent metal ions in the waste, certain 
other waste components, and itself to produce a chemically and physically stable solid 
matrix. According to Chemfix®, the solidified matrix is based on tetrahedrally 
coordinated silicon atoms alternating with oxygen atoms along the backbone of a linear 
chain. The charged side group (in this case, oxygen) reacts with polyvalent metal ions 
resulting in strong ionic bonding between adjacent chains. This bonding forms cross 
linked, three dimensional polymer matrix that has a high stability, a high melting point 
and a rigid, friable structure [Salas, 1979]. 
Three classes of interactions occur during the solidification/stabilisation process. 
Initially, there are very rapid reactions among CHEMSET polysilicates, certain reaction 
promoters and metal ions. These produce insoluble metal silicates that cannot be 
resolubilised and are resistant to breakdown under severe environmental conditions. 
The second class of interactions occurs between polysilicate molecules and reactive 
components within the dry reagent to produce a gel structure. The gel holds ions in 
place by chemical and physical bonding mechanisms. Other waste components such 
as oils are also trapped in the mixture and thereby immobilised. The third class of 
interactions occurs among the dry reagent, the waste and water as the dry reagent 
undergoes a series of hydrolysis, hydration and neutralisation reactions. Chemfix® 
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claims that metal silicates rather that metal hydroxides are formed, thereby eliminating 
the potential problem of increased solubility at high pH. Based on extraction results, 
the Chemfix® technology is capable of decreasing the mobility of cadmium, copper, 
chromium, lead, nickel and zinc with antimony, barium, mercury, selenium, silver, 
thallium and vanadium being more difficult for the Chemfix® process to immobilise. The 
total volume increase resulting from treatment with Chemfix® reagents is between 20 
and 50 percent of the excavated raw waste. Stabilised waste has soil like qualities and 
can be reused as soil substitute having much greater erosion resistance, enhanced 
slope stability and can trap soluble heavy metals. When amended with some natural 
soil to assist in moisture retention and nutrient supply, the technology will produce a 
synthetic soil that may be used to support vegetation as topsoil. 
2.3 Evaluation of SITE demonstration 
Although a large amount of investigations were carried out under the SITE program 
problems with the SITE demonstrations detailed a number of shortfalls. It is a 
possibility that published reports omit initial screening of unsuccessful formulations; 
therefore, the database may be skewed to suggest greater overall success of the 
technology than is true. Most of the studies did not include all the data necessary to 
evaluate treatability by S/S. Frequent omissions included: total and leachable 
contaminant concentrations prior to treatment, total contaminant concentration after 
treatment, and pH of the leachate at the conclusion of leaching tests on untreated and 
treated samples [Erickson and Barth, 1996]. 
The chemical characterisations rarely included bulk analysis of the waste and 
treatment agents. Speciation of contaminant metals, even by oxidation state, was 
rarely reported. The validity of the data was often not supported by quality assurance 
data in published reports; therefore, the database may contain records of varying 
reliability. Sample heterogeneity is common on both a macro and microscopic scale, 
leading to high variability in all measured parameters and no information on inter- 
laboratory differences is specified. The majority of tests used to assess the 
technologies came from the geotechnical field or from the regulatory waste testing 
arena for hazardous waste determination and have not been investigated for materials 
treated by S/S technologies. A key concern is that no one leach test has been verified 
for evaluating the long term leaching of S/S waste [Barth, 1992]. 
There is lack of information on the 'proprietary' materials or special additives used 
which are controlled by commercial interest and patentable technologies. This means 
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that the S/S process may have difficulties in its future development. A big problem 
relates to binder ingredients which are frequently designated in the literature as, for 
example, "fly ash A" or "proprietary additive. " As a result, the reports lack information 
on binders and additives having no technology transfer value, and the ability to 
evaluate the data in terms of chemical mechanisms is absent, because binder 
chemistry is unknown or unreported [Means et all, 1996]. In addition, too much of a 
particular binder ingredient can lead to unnecessary expense. The identified 
information gaps outlined in the SITE demonstration evaluation present a number of 
factors against the potential for future growth in the use of S/S especially in the UK 
[Cheeseman, Sollars and Perry, 1996]. 
" The perception is of a low technology, "black box" treatment process. 
" There have been well publicised cases in which the products have failed to 
solidify [ENDS, Feb 1990, ENDS, July, 1990]. 
" There is continuing concern about the long-term stability and environmental 
impact of S/S hazardous wastes. 
To allow S/S technology to advance into a viable waste management option, reaction 
mechanisms that occur between the waste components and cementitious additives 
need to be clarified along with the long term containment of the waste within the solid 
form. Wastes are invariably complex mixtures of compounds with often contrasting 
physical and chemical properties that are difficult to characterise. The synergistic or 
antagonistic effects of multiple component mixtures significantly influence both 
hydraulic and pozzalonic reactivity, and these effects are difficult to predict at the 
present time [Hills and Pollard, 1997]. 
2.4 Future development of S/S technologies 
A number of research areas need to be considered to allow the technology to advance. 
This is not an exhaustive list, but investigations along these research topics will provide 
a greater database with regards to understanding waste/binder interactions [Wiles and 
Barth, 1992]. 
" Characterise the original waste as well as possible. This characterisation 
should include chemical characteristics, mineral composition, physical 
properties, etc, as well as the normal analyses for pollutant levels. 
" Identify the target contaminants and tailor the binder to solubility regions of the 
metal of interest. 
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" Perform appropriate extraction tests on the untreated waste to serve as a 
benchmark for subsequent data on the treated waste. Report extraction test 
data for both treated and untreated forms. Consider incorporating leaching 
data into a site-specific groundwater model. 
" Analyse and record pH on the extracts from the untreated waste and treated 
product. 
" Analyse additives for presence of hazardous constituents. Identify critical 
characteristics of all additives to establish a quality control program. Carefully 
control and record all additives during treatability tests. Small variations in 
additives can greatly affect leachability. 
" When reporting leachate data on treated samples, show the total percent 
reduction achieved and the extent to which simple dilution has contributed to 
such reduction. 
It is undoubtedly true that a greater understanding of binder waste interactions on a 
microscopic scale is required. The reaction mechanisms that occur between 
cementitious materials in relation to the different mineralogical phase that are formed 
need clarification. Research can be carried out at the microscopic scale to identify the 
principle waste retaining phases and how different binder additions improve the final 
solid waste form. Before contaminated land or waste management facilities invest in 
S/S technologies, the long-term stability needs to be proved. How different binders 
retain or release waste materials and the physical chemical characteristics of the solid 
waste form are essential for future S/S technology growth. A fundamental requirement 
is to understand how cement, and other cementitious binders reacts and interact with 
different components of the waste. 
2.5 Cement chemistry 
The interest in cement by the nuclear industry during the 1950's to encapsulate 
radioactive waste was developed from the extensive use of cement in the construction 
and civil engineering disciplines over the last century. The ability of cement to, when 
mixed with water, hydrate and form a solid with a high structural integrity is one of the 
most important aspects in forming a permanent barrier to the release of toxic 
components in hazardous waste. An extensive literature exists on the chemical and 
physical processes that occur during the hydration of cement when it is mixed with 
water and allowed to set and harden [Lea, 1971; Skalny and Daugherty, 1972; 
Taylor, 1990], although numerous other books, papers and research projects cover the 
subject. The principle chemical components and reaction mechanisms of cement 
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hydration are therefore important in understanding the interactions that occur when 
waste is added to cement based systems. 
The majority of cement used to handle hazardous waste is OPC, which is made by 
heating limestone and clay at 2700°C, forming a mass called clinker [Skalny and 
Daugherty, 1972]. A small amount of gypsum is added and the clinker is ground to a 
fine powder. OPC is a hydraulic cement; it sets, hardens and does not disintegrate in 
water [Bye, 1983]. Anhydrous OPC consists of angular particles (20 µm in diameter) 
and is typically comprised of the following major constituents (Table 3 adapted from 
Neville, 1983). Composition may be expressed in the more familiar form, as elements 
or stoichiometric compounds, or in terms of cement nomenclature, which can be more 
useful in discussing the hydration reactions of cement. 
Table 3 Major Elemental Composition of Cement (Neville, 1983) 
Cement 
Notation 
Mineral 
Elemental Composition Compound Name 
Term 
% 
C3S 3CaO"SiO2 Tricalcium Silicate Alite 54 
C2S 2Ca0" Si02 Dicalcium Silicate Bellte 17 
C3A 3CaO"AI203 Tricalcium Aluminate Aluminate 11 
C4AF 4CaO"AI203 "Fe203 Tetracalcium Alumino Ferrite Ferrite 9 
CS' CaSO4 Calcium Sulphate Gypsum 4 
Although the use of OPC has a long history, the way in which these components 
hydrate remains a contentious issue. Two models are favoured; the crystalline 
[Hansen, 1982] and the osmotic or gel model [Thomas, et al, 1981] with the principle 
reactants and products shown in Table 4. 
Table 4 Reactants and Products of Cement Hydration 
Reactants Products 
C3A + 6H C3AHB 
C3A + 3CS-+ 32H C6AS-H32 (ettringite) 
2C3S + 6H C3S2H3 + 3CH (tobermorite gel CSH) 
2C2S + 4H C2S2H3 + CH (tobermorite gel CSH) 
C+H CH (portlandite - Calcium Hydroxide) 
C= CaO, S= Si02, A= A1203, F= Fe203, H= H20, S' = SO3 
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The hydration of C3S is the dominant mechanism in the overall hydration and 
hardening process of OPC. The general hydration reaction can be written as: 
C3 +(1.3+z)H = C,., SHX +1.3CH (1) 
Where C17SHx is calcium silicate hydrate and CH is calcium hydroxide (portlandite 
[Neville, 1983]). Calcium silicate hydrate (CSH) is an ill-defined, poorly crystalline 
solid, which in hardened cement pastes accounts for about 70% of the hydrated 
material [Double, et al, 1978] and is principally responsible for strength development. 
Several distinct stages in the hydration of C3S have been identified. Initially, when 
OPC is dispersed in water (Stage I), calcium ions are rapidly leached from the solids to 
form a solution of mainly CH [Birchall, et al, 1980], leaving behind silica-rich cement 
grains. The aqueous CH is thought to react with silicic acids on the surface of the 
cement to form a gelatinous semi-permeable membrane of CSH around the cement 
particles [Double and Hellawell 1977; Jennings and Pratt, 1980]. This 
semi-permeable membrane causes a dormant phase in the hydration process as the 
osmotic pressure within steadily increases. This pressure eventually causes the 
membrane to rupture (Stage II) with the development of new CSH radiating out from 
the anhydrous grain. Breaching of the gelatinous membrane is now believed to occur 
by a scaling (exfoliation) process [Bye, 1983] whereas previously, rupture was thought 
to occur via an "osmotic pumping" mechanism [Double, et al, 1978] which formed 
radial tubules of CSH. These "tubules" have subsequently been associated with the 
hydration of C3A and C4AF in the presence of gypsum [Barnes, at al, 1980]. Stage III 
of the hydration process is also characterised by initial CH crystallisation [Taylor, 1990] 
and the transformation of CSH gel, which exposes additional surface area of the 
anhydrous particles. The hydration of C3A, whilst not critical to initial strength 
development, is essential in determining setting times and the characteristics of early 
hydration stages. In the absence of sulphate, the hydration of C3A can be represented 
as; 
2C3 +21H = C4AH13 +CZAHg -ý 2C3AH6 +9H (2) 
Most OPC's contain small quantities of sulphate in the form of gypsum (calcium 
sulphate) to prevent flash setting of the cement due to the reaction of C3A (eq. 2). This 
modifies the hydration Of C3A to; 
C3A+3CS " Hz + 26H --> C3A " 3CS 9 H32 (3) 
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C3A"3CSH32 +2C3A+4H -+ 3(C3A"CSH12) (4) 
The formation of ettringite (eq. 3) slows the hydration of C3A by precipitation onto its 
surface. Ettringite forms both long prismatic crystals with hexagonal cross-sections 
and amorphous layers. Its formation brings a volume increase, which, if ettringite is 
formed after initial set, disrupts the structure causing an increase in permeability and a 
concomitant loss in strength [Lea, 1971]. In time, the ettringite may react with 
dicalcium aluminate (eq. 4) and produce mono-sulpho-aluminate. Mono-sulpho- 
aluminate provides 15-20 percent (v/v) of hydrated OPC and is the primary constituent 
vulnerable to sulphate attack. 
2.6 Solidification/Stabilisation with cement 
The ability of cement to hydrate and form a solid mass when mixed with water is not 
perfect with respect to contaminant containment since the addition of waste materials 
can lead to major changes in the hydration mechanisms of the final solid product [Hills 
and Pollard, 1997]. Two objectives can be achieved when using cement based 
systems to handle waste material. First, the toxic component of the waste stream is 
chemically stabilised by the processing materials to induce chemical changes that 
would render them less hazardous or insoluble and unavailable. Second, the added 
processing material would also harden over time and produce a monolithic solid 
material with improved structural integrity and physical characteristics which can act as 
a physical barrier to reduce leaching [Poon, 1989]. 
2.6.1 Strength development 
Strength is primarily controlled by the amount of CSH in the final product, which has a 
Ca/Si ratio between 1.8 and 2.0 [Glasser, 1997]. Generally, strength increases with 
the amount of cement used in the processing with values of 1.4 to 14 MPa (200 to 
2000 psi) being reported for various cement waste stabilisation processes (Thompson 
and Malone, 1979]. The CH produced during hydration has a weaker binding power 
than CSH [Scheetz and Hoffer, 1995] and can disrupt bond formation [Relfsnyder 
and Besemer, 1991] by competing with the calcium silicates for water [Mennings at 
al, 1991]. CH will also shrink with time as the cement cures and water is lost, 
producing small voids in the cement matrix, which reduces its final strength and 
increases the permeability of the solidified mass [Reifsnyder and Besemer, 1991]. 
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2.6.2 Porosity 
The amount of water added is a critical parameter with the chemical demand. for 
cement hydration close to a water/cement (w/c) ratio of 0.25 [Glasser, 1997]. For OPC 
pastes, the w/c can be attributed to porosity by [Roy and Scheetz, 1993]; 
Porosity = 0.61+ 0.23Gw/c (5) 
Water addition in excess of this value increases fluidity however, this may lead to the 
production of 'bleed water' and an increase in porosity [Conner, 1990]. This pore 
water is the excess of the aqueous phase, which is not required for hydration and the 
soluble components; principally Na2O and K2O concentrate, in the pore waters. These 
will be present as NaOH and KOH since anions other than OR are relatively insoluble. 
The larger the amount of these species present, the higher the internal alkalinity of the 
pore fluids. The consequence of this high internal pH is that the high hydroxyl 
concentration suppresses the solubility of Ca [Glasser, 1997]. 
Hardened cement is a very porous material with a 'trimodal' pore distribution [Cocke, 
1990]. The smallest pores, gel pores, are approximately 0.01gm in diameter which are 
likely to be associated with inner layer spacing of the CSH particles. The next larger 
pores averaging about 0.1 pm in diameter are due to the original water filled space in 
porous cement gel and are called capillary pores. The volume of these pores is directly 
proportional to the water/cement ratio. The largest pores are formed by air voids 
[Glasser, 1997]. The strength of cement mortar or paste is more heavily influenced by 
the volume and number of large size pores and mean pore diameter than by smaller 
pores [Pandey and Sharma, 2000]. A solid waste form with a large amount of 
capillary porosity can allow aggressive fluids into the solid and potentially release 
waste material [Conner, 1990]. With respect to long term durability, it has been 
generally concluded that most solidified waste forms fail when subjected to the usual 
wet/dry and freeze/thaw test procedures used for concrete assessment [Thompson 
and Malone, 1979]. 
2.6.3 Hydration retardation and acceleration 
A reduced heat of hydration occurs in affected waste forms which suggests that 
`normal' hydration reactions are likely to be 'stifled' by the interference effects from 
waste borne agents [Hills and Pollard, 1997] interfering with the development of the 
initial CSH gel formation [Hills, Sollars and Perry, 1994]. This reduction in heat is 
suggestive of a waste retardation effect whereas an increase may be evidence of 
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cement hydration acceleration. The purpose of an accelerator on hydration is to 
promote the dissolution of calcium cations and anions from cement, leading to a 
promotion in the formation of CSH and CH nuclei [Taylor, 1990]. Retardation species 
will increase the length of the dormant period of hydration and delay CH precipitation. 
This occurs when a coating of insoluble amorphous gel occurs around the cement 
grains preventing access of fluid to allow hydration to continue [Mattus and Mattus, 
1996]. The retarding capacity in inorganic salt admixtures occurs with metal cations 
grouped in the middle of the periodic table. They all have low soluble hydroxides in 
alkaline solutions and they suppress hydration through the precipitation of protective 
coatings of gelatinous hydroxide around the cement grains [Thomas at al, 1981]. 
2.6.4 Waste containment 
This coating around cement grains has been the principle area of research with respect 
to metal containment within the solid waste form and there is much debate on how 
elemental species are actually retained. A metal ion may either be bound in the 
alkaline cement matrix as an oxide or mixed oxide, be sorbed to surfaces, or be 
incorporated into cement minerals [Gougar, et al, 1996). The waste component may 
react in one or more of the following ways: adsorption, chemisorption, precipitation, ion- 
exchange, passivation, surface complexation, inclusions (micro encapsulation) and 
chemical incorporation into the hydrated cement system [Cocke and Mollah, 1993; Li, 
et al, 2001]. The high pH of fresh Portland cement-based materials favours 
precipitation of many metals as hydroxides, hydrous oxides or carbonates. This is due 
to the presence of CH and alkalis in the paste pore solution, which in turn favours 
immobilisation as many metal hydroxides have a minimum solubility at high pH levels 
[Bonen, and Sarker, 1994]. 
The retardation effect caused by the presence of lead nitrate, oxide and cadmium oxide 
involves a two-part mechanism which might involve the formation of an inhibiting 
coating to explain the initial retardation effect and a later breakdown of the coating to 
allow water ingress and a resumption of hydration reactions [Bhatty and West, 1996]. 
Investigations of the affect of heavy metal oxides of Cr, Cu, Zn, As, Cd, Hg and Pb on 
the physical properties of cement found that early hardening and strength development 
are generally adversely affected due to the interaction of metals with cement paste 
[Tashiro and Oba, 1980; Tashiro, Oba and Akama, 1979; Tashiro, et al, 1977]. 
Metal chlorides of Mn, Co, Ni, Cu and Zn interact with silicates and aluminate of 
cement to form complexes that can influence the strength development [Stepanovo, 
1981]. Retardation could also be caused by interference between zinc and the calcium 
silicate minerals of the cement [Ortego et al, 1989]. The retardation effect caused by 
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the presence of cadmium has been linked to the formation of a hydrocadmiate species 
[Mollah et al, 1992]. Additional research using NMR instrumentation found that the 
early formation of CH provides nucleation sites for precipitation of CSH and CH. Lead 
forms mixed salts that are precipitated on the cement grains, forming an impervious 
layer that retards set [Cartledge, et al, 1990]. 
Researchers have shown that Zn and Cd were fixed by a reaction forming a metallic 
calcium silicate hydrate [Mollah, Tsai and Cocke, 1992; Mollah Tsai and Cocke, 
1992]. Any zinc hydroxide formed was encapsulated in the silicate matrix [Cocke and 
Mollah, 1993]. Pb2+, Cat+' Mn2+, Zn2+ and Cu2+ appear to replace surface Ca 2+ but it is 
difficult to delineate the extent of this reaction from that of precipitation as hydroxides, 
hydroxy carbonates or carbonates. The mechanism of Co2+ and Ni 2+ replacement of 
Ca 2+ is by the breakdown of structural Ca-O bonds and appears to take place from 
edge to core in these minerals [Komarneni et al, 1988]. Research with Cr bearing 
wastes showed that Cr is substituted for Si in poorly crystalline CSH. [Ivey, 1990]. It 
has also been shown that a metallic ion such as sodium can be retained in the 
structure of calcium silicate hydrates [Bhatty and Greening, 1978]. The amount of 
metallic ions retained depends upon the calcium oxide to silica (C/S) mole ratio of 
calcium silicate hydrate. For example, more sodium can be retained in a low C/S mole 
ratio calcium silicate hydrate than a high C/S mole ratio calcium silicate hydrate. 
2.6.5 CSH structure and Ca/Si ratio 
Researchers began to investigate the ability of individual cement mineralogical phases 
in relation to waste containment and the majority of investigation has involved 
analysing CSH formed in cement/waste products due to its high concentration in the 
final form. It has been suggested that the ratio of C/S in CSH formed in cement can 
influence the type of metal fixation reaction that may occur [Bhatty, 1985; 1987]. 
Replacement of calcium ions from the structure of calcium silicate hydrate was 
generally found to occur in high C/S mole ratio calcium silicate hydrates and a fixation 
reaction by addition is most likely to occur with a low C/S ratio. 
Fixation by addition reaction 
CSH +M -* MCSH 
Fixation by substitution reaction 
CSH +M -+MCSH+Ca2+ 
(s) 
(7) 
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There is also evidence for different types of CSH. They may correspond to the CSH 
portions of phenograins and groundmass regions observed by scanning electron 
microscopy [Diamond and Bonen, 1993], inner and outer products [Chatteji, and 
Jeffrey, 1962; Lawrence and Young, 1973], or middle and late product [Tennis and 
Jennings, 2000]. The CSH gel of the "outer products" was generally reported to 
exhibit a higher Ca/Si ratio than that of the "inner products" [Bonen and Diamond, 
1994]. These different types of CSH have also been referred to as high density CSH 
and low density CSH, respectively. The HD CSH is relatively stable under the high 
vacuum required for electron microscopy, while the LD CSH is considerably less stable 
[Tennis and Jennings, 2000]. These microscopic observations support the concept of 
two different forms of CSH in Portland cement pastes. This concept of two types of 
CSH is also supported by recent observations using neutron scattering [Thomas et all, 
1998]. A range of mean Ca/Si ratios have been reported with mean ratios of about 2 
for the "inner products" and 2.7 for the "outer products [Rayment and Majumdar, 
1982], 1.92 and 2.03, for the "inner" and "outer products" respectively [Hanisson et all, 
1986], much lower values of about 1.5 and 1.6, respectively [Rodger and Groves, 
1989], and similar values for the inner and outer products, averaging 1.79 and 1.70 
[Richardson and Groves, 1993]. 
It has been suggested that Ca/Si ratios control metal retention within the cement matrix 
[Glasser, 1993]. At extremely low concentrations, below the threshold for precipitation, 
solubilities tend to be controlled by sorption mechanisms. CSH, with its high specific 
surface area and range of sorption sites, is usually the main source of the sorption 
potential. At high C/S ratios, CSH has a positive surface charge and thus sorbs mainly 
anionic species. Since anions are abundant in cement, where the main components 
contribute (OH S042 etc. ), the performance of cements for trace toxic anions is 
generally poor, they have to compete with more abundant OH" for anionic sites. 
However, as the surface charge becomes positive, as occurs at low C/S ratios, the 
more siliceous CSH's exhibit improved sorption for cations. But all CSH's, irrespective 
of Ca/Si ratio, have a range of sorption sites, so that cations are never sorbed to the 
exclusion of anions, and vice versa. Generally, cement particles carry an electrical 
charge on their surface that originates from the presence of the Si-O and O-H groups. 
Thus sorption on the high surface area of the cement paste is a potential mode of 
fixation. Yet, the impact of sorption on immobilisation has to be established, as this 
process cannot be readily differentiated from physical encapsulation [Bonen and 
Sarker, 1994]. 
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2.6.6 Microstructural Investigations 
Characterisation of cement/waste systems forms an important area in S/S technology. 
This leads to a greater understanding of the reactive mechanisms that occur within the 
solidified waste form [Spence, 1993]. The use of advanced analytical techniques such 
as SEM, Si29NMR, FTIR has allowed research on an atomic scale to be carried out. 
Using a variety of these techniques results suggest that solid solution is a possible 
binding mechanism for Zn(ll) in CSH. The initial results indicate that at least 10% of Zn 
may be incorporated in the CSH structure. [Johnson and Karsten 1999]. Other 
workers indicate that a Pb-O-Si linkage provides strong evidence for Pb incorporation 
within the CSH structure through linkage to Si-O chains. The speciation of Pb 
adsorbed on C3S surfaces is responsible for the retardation of its transformation to 
CSH [Rose at al, 2000]. Zn-Si and Zn-Ca species were detected by EDXA and 
combined with 29NMR results, suggest Zn tetrahedra directly linked at the end of a Si 
chain through a Zn-O-Si bond, indicating that Zn is incorporated within the CSH 
structure. This result has been considered as the first evidence for Zn incorporation in 
the CSH [Rose at al, 2001]. 
Microstructurally, hydrated cement comprises two distinct kinds of structural units, 
distinct grains set in a highly porous supporting medium. These distinct grains or 
'phenograins' may be superficially, partially, or fully hydrated clinker grains, 
distinguishable crystals of calcium hydroxide or filler particles in some cements 
[Diamond and Bonen, 1993]. On analysis of cement microstructure, porosity appears 
black, CH and infilling porosity as light grey, amorphous and skeletal CSH as dark grey 
and larger cement phenograins display characteristic white coloured unhydrated cores 
enveloped by a "shell" or "rim" of hydration product [Bones and Diamond, 1994J. 
Analysis of these hydrated "rims" in relation to their thickness can indicate to what 
degree the waste has retarded set. Depth of hydration rims around cement grains 
appear smaller for a waste added system compared to OPC alone [Hills, Sollars, and 
Perry, 1994; Hills and Pollard, 1997]. Clusters of calcium silicate hydrates, calcium 
aluminate hydrates typified by the ettringite (Aft) and monosulphate (Afm) phases, 
unhydrated cement grains, CH and calcium silicate gel formed from the reaction 
between Ca2+ from cement and SiO32- from sodium silicate have all been identified 
using SEM [Poon et al, 1985]. 
Investigations of SEM micrographs of cement/waste matrix using X-ray analysis 
identified two areas showing a correlation in the concentration of chromium (Cr) and 
silica (Si) suggesting substitution of Si for Cr [Ivey et al, 1990]. This can be 
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determined by using a back scattered electron detector (BSE). A backscattered 
electron (BSE) detector will produce a brighter image from particles composed of 
higher Z (atomic number) elements. Therefore, concentrations of the higher Z 
impurities such as cadmium, chromium, and lead will appear brighter than the calcium, 
silicon, and aluminium in the cement matrix. By correlating the observed brightness to 
a particular compound, it is then possible to determine qualitatively the relative 
amounts of impurities in a given cement specimen [Neuwirth, Mikula and Hannak, 
1989]. 
2.6.7 pH control 
It is widely accepted that cement and pozzalon based waste forms rely heavily on pH 
control for metal containment. Normally, high pH is desirable because metal 
hydroxides have minimum solubility in the range of pH 7.5-11 which, is true for 
hydroxides formed with metal ions from group two in the periodic table (e. g. calcium 
hydroxide). Group one metals form hydroxides that are soluble throughout the pH 
range. Hydroxides formed with transition metals tend to show amphoteric behaviour 
having high solubility at both low and high pH. Unfortunately, all of the metals do not 
reach minimum solubility at the same pH making the containment of different metal 
ions very difficult for multi-element wastes. It has also not gone unnoticed that these 
elements are those that are deemed the most toxic in the environment [Conner 1990, 
Conner 1993]. 
2.7 Contaminant release 
It is not only important to understand how waste components interact with cement and 
other cementitious materials but also how long term exposure to leaching fluids affect 
the durability of the solidified waste form. The potential leachability of the final system 
can be determined by exposing the solid waste form to fluids over time. Unfortunately 
there are a variety of techniques and parameters that are available or require 
incorporation into any leaching test [Lewin, at al, 1994; Stegemann and Cote, 1991; 
Van der Sloot, et al, 1997]. Leaching can be defined as the process by which a 
component of waste is removed mechanically or chemically into solution from the 
solidified matrix by the passage of a solvent such as water [Poon, 1989]. 
2.7.1 Chemical and physical parameters of principle leach tests 
The main reasons behind the vast number of different leach tests relate principally to 
the physical and chemical factors that require analysis and the different international 
release thresholds imposed by government legislation and guidance. Typical physical 
and chemical factors that influence leaching are [Van der Sloot, et al, 1997]; 
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" Particle size, as leaching is in part related to the surface exposed to leaching 
" Homogeneity or heterogeneity of the solid matrix in terms of mineral phases 
" Time frame of interest 
" Flow rate of the leachant 
" Temperature during leaching 
" Liquid/solid ratio 
" Porosity of the solid matrix 
" Geometrical shape and size of materials from which leaching is controlled 
predominantly by diffusion processes 
" Permeability of the matrix during testing, or under field conditions 
" Hydrogeological conditions 
" Equilibrium, or kinetic control of release 
" Potential leachability of constituents 
" pH of the material, or that imposed by the surroundings 
" Complexation with organic compounds 
" Redox conditions of the material or that imposed by the surroundings 
" Sorption processes 
" Biologically generated factors capable of affecting pH, redox and complexation 
It appears impossible to incorporate all of these factors in to one or two leach tests and 
different leaching protocols have employed diverse methodologies in an attempt to 
investigate these factors. Waste leaching tests tend to be very aggressive since the 
waste material is usually broken down to finer particles before acidic solutions are used 
to attack the solidified waste. These conditions are unlikely to occur within a landfill 
site, but the tests try to represent a 'worst case' scenario. In some tests, the material 
remains in the monolithic form, which is more likely to represent a landfill situation. 
Some extraction tests specify a controlled contact time without renewal of the leachant. 
Of these tests, agitation of the extraction vessel can be used but, in some cases, the 
sample is allowed to remain stationary. During dynamic tests, the leachant is 
continuously, or, intermittently renewed to maintain a driving force for leaching, which 
includes column leach tests. There are a number of variables that are considered 
when using leaching methods, the most important ones being sample preparation, 
leachant composition, method of contact, liquid to solid ratio, and contact time [Lewin, 
et all, 1994]. For most of the tests, the sample size must be <9.5mm, some state a 
smaller size with one test method giving a sample size of 125 µm [NNI, 1995c]. In all 
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of the tests, no minimum size of sample is stated. The leachants used in the tests vary 
in pH strength with some tests using distilled/deionised water at pH 7 [DIN 38414-S4, 
1984] others use acetic acid at pH 5 [USEPA Method 1311,1986], citric acid pH 5 
[CalWET, 1985], and synthetic acid rain (Sulphuric/nitric acid mixture at pH 5) [USEPA 
Method 1320,1986]. Liquid to solid ratios range from 1: 1 to 100: 1 [Lewin, at al, 1994; 
EPS/3/HA17 Environment Canada, 1990]. 
Agitation of the samples vary with some using an end-over-end rotation [USEPA 
Method 1311,1986], others mention the use of shaking or rocking, gentle swirling or in 
some cases, no agitation at all. The contact time between the waste material and the 
leachant can vary with times starting at 18 hours [USEPA Method 1311,1986], going 
up to 28 days or several years [Lewin, et at, 1994] with the majority using a 24-hour 
period. Since most S/S work started in the United States, leaching methods have been 
developed extensively by the Environmental Protection Agency, even though most 
European countries have developed their own which vary considerably [Lewin, et al, 
1994]. The EP Toxicity Test (EPTox) [USEPA Method 1310,1984] uses acetic acid at 
pH 5 with adjustment to the pH at regular intervals. The type of agitation is not 
specified. The EPTox was replaced by the Toxicity Characteristic Leaching Procedure 
TCLP [USEPA Method 1311,1986] which uses acetic acid at a pH 5, a 20: 1 liquid to 
sample ratio, a contact time of 18 hours, a sample size of <9.5mm and an agitation 
device utilising an end-over end rotation at 30 rpm. This method has become very 
popular in the United States and is often used by researchers in waste fixation around 
the world. The Multiple Extraction Procedure (MEP) [USEPA Method 1320,1986] is 
based on the EPTox method with two major differences. The MEP uses synthetic acid 
rain (Dilute Sulphuric acid: Nitric acid 60/40) as the leachant and the test allows the 
leachant to be replaced after every 24 hours up to eight times or more if the test so 
requires. Its main aim is to provide information on long term leaching that may occur 
within a landfill when the leachant is being constantly replaced by virgin fluids. An 
updated version of the TCLP test has also utilised synthetic acid rain as the leaching 
fluid. The Synthetic Precipitation Leaching Procedure SPLP [USEPA Method 1312, 
1994] is similar to the TCLP test with the leaching fluid being replaced with a 60/40 
weight of sulphuric and nitric acid mix. 
The California Waste Extraction Test (WET) [CaIWET, 1985] uses citric acid at pH 5 as 
the leachant, which is very aggressive and tends to break up the waste material. Some 
leaching tests use flow-through tests where the material is packed into a column and 
leachant is allowed to flow through the material under gravitational pull [Darcel, 1983]. 
Some tests use an up flowing system where leachant is forced through the material 
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from the base of the column [Brown, et al, 1986]. Additional tests established in 
Europe and the rest of the world include NEN 7343 Column test [NNI, 1995a], Nordtest 
Method [Nordest, 1995], JST 13 [Sakai, 1995], ENA skatest [Fallman, 1990] and 
many others [van der Sloot et al, 1997]. The Acid Neutralisation Capacity (ANC) 
[Environment Canada, 1990] involves separate extractions of several pre-dried, 
crushed waste samples with leaching solutions of varying levels of acidity. It is used to 
determine the buffering capacity of the stabilised/solidified waste form [Barth, 1990]. 
Research concluded that for a wide range of metal and organic bearing wastes 
stabilised with proprietary agents, the amount of acid required to bring the pH down to 
9 (where many metals start to become soluble) varied between 2 and 10 
milliequivalents per gram (meq/g) of waste [Stegmann, Cote and Hannak, 1988]. For 
cement-based wastes, the ANC is generally about 15 meq/g although, the ratio of 
cement to waste will ultimately be the controlling factor [Cote and Bridle, 1987]. 
2.7.2 Monolith leaching 
Leach tests on monolithic materials aims to simulate a 'real' situation when a solidified 
waste form is placed in a landfill. A well-established monolithic leaching test is the 
ANSI/ANS-16.1 test [ANSI/ANS-16.1,1986]. This leaching procedure was originally 
developed within the nuclear industry in research into radionuclide release 
mechanisms. The principle requirements are the use of a monolithic specimen placed 
in a leaching fluid of water with leachant renewal over a period of days. Leachate fluids 
are analysed for contaminant release and a cumulative release curve is plotted over 
time. The most widely accepted model for leaching from a monolithic form assumes 
that leaching is controlled by diffusion through the solid, a uniform initial contamination 
concentration in the solid and a zero surface concentration [Godbee and Joy, 1974; 
Godbee et al, 1980]. 
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The results can be presented as a leachability index which can then be used to predict 
contaminant release over time as a function of cumulative percentage released and 
surface to volume ratio [Bishop, 1988]. The index can be used to compare relative 
mobility of different contaminants on a uniform scale that varies from 5 (De = 10'5 cm2/s, 
very mobile) to 15 (De = 10"15 cm2/s, immobile). 
LX=ýlogý ý (9) 
A distinction can be made between constituents that are entirely soluble in the pore 
water right from the beginning, for example, soluble salts such as sodium, potassium, 
chloride, nitrate and constituents that undergo interaction with the matrix in varying 
degrees i. e. moderately retained constituents and strongly retained constituents [van 
der Sloot at al, 1997]. Figure 2 shows how the release curve is formed expressed as 
a function of liquid to solid ratio showing the degrees of retention in the matrix to the 
fraction of the total available for leaching. 
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Figure 2 Release curves in relation to retention in the matrix 
Most research in this field considers that mass transfer during leaching can often be 
described by an apparent diffusion mechanism. Where certain models take into 
account Ficks diffusion law, other models take into account a coupling effect like 
diffusion/chemical reactions, absorption and/or dissolution, or transfer at the interface 
[van der Sloot et al, 1997]. The diffusion model is found to describe the release of 
species that do not change in solubility in relation to physio-chemical effects (e. g. 
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sodium, potassium, chloride). Elements whose solubility depends on the variation of 
the physio-chemical effects, pH in particular, are best defined by the coupling model 
(e. g. amphoteric metals). 
2.7.3 Leaching research and acid resistance 
The increased leaching seen in some of the stabilised waste implies that a chemical or 
physical change in the stabilised waste matrix is occurring that affects leaching. This 
change can begin many months after the waste was initially stabilised. Thus leaching 
tests performed on stabilised wastes after only short curing times, typically 28 days or 
less, may not be a true indicator of long term leaching properties for some 
combinations of wastes and stabilisation systems [Perry et al, 1992]. For most heavy- 
metal waste streams regarded as those most suitable for cement-based 
stabilisation/solidification processes, the mode of interaction between the metals and 
the stabilising materials will influence the leachability of the metals. Extraction studies 
of certain stabilised heavy-metal wastes showed that the amount present in solution is 
often lower than the calculated value based upon the theoretical solubility products 
[Falcone, at al, 1984; Tashiro, at al 1977]. A variety of mechanisms have been 
postulated to account for this, involving absorption by cement hydrates, substitution, 
solid solution in the hydrate structure and formation of various insoluble compounds 
[Falcone, at al, 1984; Tashiro, at al 1977; Malone and Larson, 1983; Poon, et al, 
1986; Sales, 1979; Schofield, 1979]. However, many of these inferred claims relate 
to semi-quantitative observations, and interpretations leave many of the fundamentals 
to be resolved. One general conclusion agreed between these studies is that for a 
cement-stabilised heavy-metal waste, at pH above 7, little heavy-metal concentration 
would be detected in solution however, below pH 7, heavy metals start to solubilise. 
The solubility can be a function of its hydroxides, carbonates, silicates, or other 
complex forms depending on the actual chemical interaction between the individual 
metal and cement matrix. 
The alkalinity of the material, the open porosity of the product, and the surface-to- 
volume ratio prove to be important factors controlling the release of potential hazardous 
elements from materials containing waste products [van der sloot et all, 1989]. It is 
possible to assume that porosity and superficial macrocavity of the matrix constitute the 
controlling factors of the initial washing period, whereas capillary porosity controls the 
subsequent diffusive phase [Medici et al, 1989]. Free lime is more soluble than CSH, 
and leaves a higher porosity matrix as it dissolves, increasing exposure to acid attack. 
Researchers found a porosity of 0.8 ml/g in the decalcified layer of Portland cement- 
based solidified waste [Cheng and Bishop, 1996]. The initial pore water pH of a 
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cement-based solidified waste is typically higher than 12, resulting in high solubility and 
leachability of amphoteric metal contaminants. In the disposal environment, acidic or 
neutral conditions in contact with the solidified waste will deplete the excess lime and 
soluble alkalis which cause this high alkalinity, could enhance leachability [Stegemann, 
and Shi, 1997], with maximum concentrations of soluble species Na, K, OH, and Cl 
being achieved very early on in leach tests [Baur, Ludwig and Johnson, 2001]. The 
pH of the leached layer will range from that of the inner zone to that of the surrounding 
environment, and will necessarily include a zone with pH 10 to 12, where the solubility 
of amphoteric metal contaminants will be low, resulting in secondary precipitation of 
metals diffusing outward from the highly alkaline inner zone as well as inward from 
more acidic zones. Alkalinity from the interior of the monolith will replenish the leached 
layer by diffusion so that this mechanism for capture of amphoteric heavy metals 
remains active. In addition to ensuring the controlled release of alkalinity important for 
immobilisation of amphoteric heavy metals, the monolithic structure of a solidified 
waste limits the surface area of contact between groundwater and all contaminants, 
including organic compounds and anions, so that leaching of all contaminants is 
controlled by diffusion rather than advection. Resistance of a cement-based matrix to 
acid attack will depend not only on the ability of the matrix components to neutralise 
acid, but also on the matrix microstructure, which determines the surface area in 
contact with acid, and the characteristics of the degradation products from acid attack, 
which may form a protective surface layer [PavIlk, 1994]. 
Acid corrosion resistance is an important aspect of the durability of monolithic solidified 
waste products. Resistance of a cement matrix to acid corrosion will depend on (1) 
pore structure characteristics, (2) the ability of the matrix components to neutralise acid 
and (3) the products of acid corrosion. Passivation by deposition of reaction products 
will prevent the matrix from further corrosion. Some cementing materials may have a 
low acid neutralisation capacity, but high acid corrosion resistance due to the 
passivation effect [Shi and Stegemann, 20001. CH decomposes as the pH drops 
below 12, and CSH decalcifies as the pH decreases and decomposes for pH values 
below 9. CSH releases Ca2+ as the pH drops. When the pH is below 9, CSH has 
released most of its lime and a layer of silica and aluminosilicate gel remains and 
prevents cement pastes from further corrosion. Further leaching of calcium and inward 
movement of acid to the corrosion front then becomes controlled by diffusion through 
this layer. The dissolution of CH and the decalcification of CSH with a high C/S ratio in 
hardened OPC pastes leave a very porous corroded layer, while the low lime content in 
activated-blast furnace slag and lime pastes results in a dense silica gel protective 
layer. The free lime in Portland cement provides a high buffering capacity but is rapidly 
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dissolved in acidic solutions, leaving a vulnerable porous silica-rich layer, whereas the 
CSH of lower C/S ratio rapidly forms a dense silica-rich protective layer [Stegemann, 
and Shi, 1997, Shi and Stegemann, 2000]. 
Acid resistance and the pH of the microenvironment within and around solidified waste 
material have a controlling effect on the potential leachability. The size of individual 
particles (i. e. surface/leachant volume) can also be a controlling factor. Research 
shows that smaller particles leached considerably fewer metals initially than larger 
particles because of the increased rate of alkalinity leached from the smaller particles 
which neutralised more of the acid in the leachant [Brown et al, 1986]. Investigations 
showed metal leaching rates decreasing with decreases in particle size, the opposite of 
what might be expected. Increased surface areas occurring in the smaller particles 
would cause greater sorption and thus lower leachate metal concentrations. Metal 
leaching patterns for large particles showed an immediate release and concentrations 
increased throughout the test. Less alkalinity is released from the large particles 
because of the lower surface area, so that the pH remains lower where metals can be 
more easily leached out. Smaller particles eventually leached more metals than the 
larger particle towards the end of the test when the pH dropped below 6 [Bishop, 
1988]. 
2.8 Sodium silicate 
The alteration of OPC by the addition of siliceous material could improve the waste 
containing abilities of the final solidified waste form. This can be achieved by adding 
sodium silicate as a liquid or powder. The use of sodium silicate has been driven 
principally by organisations for which a business opportunity has arisen although early 
development began in the nuclear industry. Jesse Conner carried out a large amount 
of the early research using sodium silicate from which a large number of patents and 
later full scale solidification stabilisation systems have become established. It is from 
these initial research investigations and system trials that sodium silicate became 
established. Silicates have many properties which are useful in a wide variety of 
industries. In waste treatment, silicates are used for their alkalinity, gel forming 
properties, reactivity with multivalent cations and environmental acceptability. The 
reactivity with multivalent cationic metals is considered the key to soluble silicates' role 
in waste stabilisation and fixation [Reifsynder and Besemer, 1991]. 
2.8.1 Alkali silicate properties 
Virtually all commercial water glass production is of sodium silicate of Rw= 2.0 (alkaline 
glass) or Rw = 3.3 (neutral glass) [Barby et al, 1977]. The structure of the glasses is 
37 
based on tetrahedral Si04 groups that are associated as polysilicates anions by sharing 
corners of the tetrahedra. The environment of a single Si atom is referred to as On, 
where n is the number of shared comers for the tetrahedron [Kirk-Othmer, 1996]. The 
structures of the glasses are discontinuous, with Si02 - rich domains separated by 
clusters of M'' ions. The silicate tetrahedra may be monomers or polymerised with up 
to four other tetrahedra sharing oxygen atoms to form Si-O-Si bridges (sometimes 
termed the siloxane bond). Soluble sodium silicates contain mixtures of silicate anions, 
ranging from monomeric SiO; - and dimeric Si2Os through to high molecular weight 
polymers containing large numbers of Si atoms. The polymer distribution determines 
the properties of the silicate and is mainly dependent on the molar ratio and solution 
concentration. Sodium silicates with Rw z3 are only slightly attacked by water at room 
temperature. Sodium silicates with RW =2 are hygroscopic and cake on storage in 
moist air. The addition of a large excess of hot water to silicate glass causes 
hydrolysis and leaches out some of the alkali (EI-Shamy et al, 1972). This alkali then 
attacks the residual silica, causing dissolution. 
Solutions of sodium silicates with SiO2/M20 Z 1.5 are colourless, water white and 
viscous (see figure 3). The viscosity increases with concentration and, for a given 
constant silica content, with the SiO2/M20 ratio. When a critical concentration is 
reached, it rises rapidly with further concentration. For a given ratio, there is a limiting 
concentration above which the solution becomes either too viscous or too unstable for 
use. The structures of silicate solutions have been investigated by a wide range of 
techniques such as IR/Raman spectroscopy, light scattering, and chromatography 
[Brady et at, 1953; Walker and Whitehead, 1966; Marinangelli et al, 1978; Dutta 
and Shieh, 1985; Fitzgerald, et al 1989]. The most valuable techniques are, 
however, trimethylsililation and 29Si-NMR [Harris and Knight, 1983; Knight, 1988]. 
Alkali silicate solutions contain in addition to Me', OH-, and orthosilicate (HSiO4(4"x)- ) 
ions, a wide variety of linear, cyclic and highly crosslinked polysilicates ions. The 
degree of polymerisation of the silicate ions increases with increasing concentration 
and increasing ratio of the solution. Small polysilicates (5 8 Si atoms) can be identified 
by comparing their silvated derivatives with derivatives of known structures from silicate 
minerals [Lentz, 1964]. 
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Figure 3 Example of Liquid Silicate 
In addition, 29Si-NMR also allows identification of oligomeric silicate ions, in dilute 
solutions [Harris and Knight, 1983; Knight, 1988]. In more concentrated solutions, 
however, and particularly at high ratios, NMR signals of individual species cannot be 
observed, peaks in the NMR spectrum then correspond to the Q" species [Svensson , 
1986]. Figure 4 shows the 29Si-NMR distribution of silicon centres with increasing ratio. 
Figure 5 shows the 29Si-NMR spectra for sodium silicates of Rw = 2.0 and Figure 6 for 
3.3 at typical commercial concentrations [Ullman's, 1993). The spectrum of the 
material with Rw = 2.0 is dominated by silicons of the Q2 type, indicating a 
predominance of small cyclic or liner silicate ions; in the material with Rw = 3.3, on the 
other hand, more than 50% of the silicon atoms are present as the Q3 or Q4 species, 
indicating a higher level of three-dimensional, branched polysilicates. These larger 
polysilicate anions are mainly responsible for the high viscosity of silicate solutions. 
The silicate anions are in dynamic equilibrium and addition of alkali hydroxide causes 
hydrolysis of the polysilicates, thus reducing the viscosity, although even highly alkaline 
silicate solutions still contain polysilicates. Extensive dilution with CO2 free water also 
depolymerises the polysilicates anions. All silicate solutions are highly alkaline. 
Dilution reduces the pH, but less than would be anticipated due to the buffering action 
of the silicate. Addition of acids and acid salts to silicates liberates silica. 
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This is the basis of the industrial preparation of silica sols, silica gels, and precipitated 
silicas, the type of silica being formed depending on the concentration, temperature 
and salt content of the solution [EI-Shamy et al, 1972]. Salts of polyvalent cations 
yield mixtures of silica gel with metal hydroxide [Kirk-Othmer, 1996]. Well-defined 
silicates are usually formed only after prolonged heating of the solution, sometimes 
under pressure. Under these conditions, industrially valuable crystalline silicates such 
as zeolites or clays may be formed [Iler, 1979]. Most organic compounds are 
incompatible with soluble silicate solutions. Some polyhedral alcohols (e. g. glycerol) 
n, 
I nj i 
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are compatible with sodium silicates and yield single-phase solutions. Other organics, 
such as polyol esters, produce a homogenous system with silicate solutions but slowly 
react to give a solid mass [Roberts, 1972]. Such systems have found use as setting 
systems (e. g. in the foundry industry and soil consolidation). 
2.8.2 Solidification/Stabilisation with sodium silicate 
The addition of an acid or a salt that is acidic relative to the silicate anion enhances a 
condensation reaction. When the concentration is sufficiently high, a gel network is 
formed [Reifsynder and Besemer, 1991]. This reaction mechanism was the basis of 
Conners' early research in using sodium silicates to improve the handling of low solid 
wastes [Conner, US Patent, 1974; Conner, et al. US Patent , 1974]. This initial 
investigation and further development [Conner, et al. US Patent, 1977] began a 
widespread research program which created a fully operating solidification/stabilisation 
system called Chemfix® [EPA/540/A5-89/011,1992; Sales, 1979]. In the Chemfix® 
process, cement is slurried with the liquid waste and then soluble sodium silicate is 
added at the desired amount to produce a soft earth material or a hard, solid mass. 
The process is claimed to be based on three phases of reaction [Poon, et al, 1985]; an 
initial rapid reaction between the soluble silicate and all polyvalent metal ions to form 
insoluble metal silicates, followed by a slower reaction between the silicate and cement 
to form a gel. Gels formed with sodium have the shortest gelation time, independent of 
the molar ratio [Gaborlaud, et al, 1998] and lastly the hydration of cement. The 
proprietors claim that the Chemfix® process was capable of decreasing the mobility of 
cadmium, copper, chromium, lead, nickel and zinc and that arsenic, antimony, barium, 
mercury, selenium, silver, thallium, and vanadium were more difficult to immobilise. 
The Chemfix® process has been used to treat millions of gallons of industrial and 
municipal wastes [Conner, 1990], but the reactions of polyvalent metals salts in 
solution with soluble silicates are still poorly understood. Vail states that [Vail, 1952]; 
"The precipitates formed by the reaction of the salts of heavy metals with alkaline 
silicates in dilute solution are not the result of the neat stoichiometric reactions 
describing the formation of crystalline silicates, but are the products of an interplay of 
forces which yield mixtures of varying composition and water content" 
The products are usually noncrystalline 'gels' and therefore very difficult to characterise 
with modern technical instrumentation. These 'gels' are described as hydrated metal 
ions associated with silica or silica gel. These metal ions are held irreversibly on silica 
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surfaces by forces still poorly understood in addition to ionic attraction [Iler, 1979]. 
Silica suspended in a solution of most polyvalent metal salts begins to absorb metals 
ions when the pH is raised within 1-2 units below the pH at which the polyvalent 
hydroxide is precipitated (silica can refer to either colloidal silica or polymeric silicates)" 
This statement suggests that if the pH is not raised, the metal is not precipitated; if the 
pH of the systems is already above the absorption point, the metal may precipitate as 
the hydroxide instead [Conner, 1990]. This can have important consequences when 
sodium silicate is used with highly alkaline cement, or lime precipitated wastes where 
metal hydroxides may dominate. The pH of waste would require alteration to dissolve 
the hydroxide and reprecipitate as the metal silicate, although this adds cost, a 
technology (Soliroc Process) has been developed involving this procedure [Ezell and 
Suppa, 1989]. 
These complications when using sodium silicate has not stopped the process being 
extensively used and developed over the last few decades, especially by the PQ 
Corporation in the United States [Mennings, Relfsnyder and Rock, 1991] who make 
number of claims on its performance the principles being when soluble silicates are 
used, the set time is decreased, the permeability of the final material is reduced and 
the final compressive strength is increased [Reifsynder and Besemer, 1991]. 
Companies marketing these processes have made numerous, and sometimes 
exaggerated, claims of interaction mechanisms, with little scientific support. One 
reason why so little work has been done in this area is that while the chemistry and 
hydration of cement and related material alone constitutes a complex science, the 
addition of waste material makes the chemistry even more difficult to study. However, 
it is thought that a better understanding of the fixation mechanism would facilitate the 
design of improved processes to reduce or modify leachability of stabilised wastes 
placed in landfill environments. The addition of sodium silicate could reduce the 
amount of cement required thus reducing the final waste volume [Gavasker, et al, 
1996]. 
Soluble silicates react with metal ions to produce insoluble amorphous metal silicates. 
These metal silicate complexes are insoluble across a broader pH range than the 
simple metal hydroxides and contribute to the increased resistance of metals to 
leaching from waste solidified with a cement/silicate combination [Gowman, 1976]. 
Silicates will also improve the containment of a waste in a cementitious system by 
enhancing the encapsulation of hazardous components onto the surfaces of reactive 
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particles. Waste materials can be adsorbed onto the surface of a cement particle and 
then sealed in by forming a sheath of insoluble calcium silicate over it. Soluble silicates 
are very reactive with cement particle surfaces and will trap and encapsulate surface 
contaminants, preventing them from coming in contact with potential leaching vehicles 
such as acidic fluids. A study indicated that a mixture of sodium silicate and cement 
produced a rapid set with no retardation from metallic ions (Tseng, Dyl-Hwa, 19881. 
This sodium silicate appeared to precipitate most interfering ions in a gelatinous mass. 
The shortening of the early hardening period avoids the accumulation of unsolidified 
waste awaiting final disposal. Polysilicates can be used in the solidification of arsenic 
contaminated soils and suggests that the metals become part of a covalent bonded 
matrix [Trezek et al 1992]. On investigating the addition of sodium silicate to a metal 
plating waste, silicate based formations reduced the amount of leachable metal ions 
compared with similar systems that do not contain silicate [Falcone et al, 1984]. In 
similar research using electro-plating wastes the reactions between soluble silicates 
and silicate setting agents produced a solid matrix formed by three main reactions 
[Johannesmeyer and Ghosh, 1984]; 
" Soluble silicates and the polyvalent metal ions in the waste producing very 
insoluble metal silicates 
" Soluble silicate and reactive components of the setting agent 
" Setting agent and the waste and/or water as it undergoes a series of hydration, 
hydrolysis, and neutralisation reactions. 
Sodium silicate has been used in the nuclear industry to control radionuclide release 
[Funabashi, et al, 1991]. Cements used for encapsulating low-level nuclear waste 
show improved (lower) leachability for waste ions when cement composition is adjusted 
by addition of silica where free portlandite is consumed to form more CSH gel. In 
terms of phase chemistry, the overall composition is moved to a point where the 
formation of CSH gel or of CSH gel plus silica are favoured [Barnes, Scheetz, and 
Roy, 1986]. If the bulk chemical compositions are adjusted to minimise the amount of 
free CH that forms, then the immobilisation of radionuclides could be enhanced. This 
can be achieved by using silica adjusted cements [Roy et al, 1982]. The binding 
power of CH is much weaker than CSH, and CH formation can be detrimental to 
cement stability. CH is a less stable component of a hydrated cement and is more 
susceptible to damaging chemical reactions [Sheetz and Hoffer, 1995]. The mixture 
of OPC and sodium silicate when mixed with water initiates a polymerisation reaction of 
silicates resulting in a three-dimensional structure of O-Si-O creating higher adsorption 
efficiencies for radionuclides [Kikuchi, et al, 1992]. It is estimated that solidification of 
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sodium silicate binder liquor proceeds in a simple polycondensation process when 
mixed with fly ash [Ikeda, 1997]. Stein and Stevels [Stein and Stevels, 1964] 
proposed that the added silica reduces the calcium and hydroxyl concentrates, leading 
to the formation of a lower C/S ratio hydrate. They also put forth a mechanism to 
explain higher heat of hydration curves when sodium silicate is added which states that 
the early acceleration is due to reduced concentrations of calcium which results in: (1) 
the formation of a less retarding initial CSH hydrate, and (2) formation of ettringite away 
from C3A thereby reducing its effectiveness in slowing the rapid hydration of C3A. 
Additions of sodium or silicate ions alone would be expected to result in lower calcium 
concentrations, thus either component or both would be expected to accelerate cement 
hydration reaction via this mechanism. Addition of powdered and liquid silicas can 
increase the rate of early strength development, although conflicting data was 
observed for later strengths (related to different methods of sample preparation i. e. 
cubes or cylinders). The addition of colloidal silica to C3S pastes reduces the CH 
content of the cement pastes as early as one day. Later strengths were general lower 
than the control [Nelson and Young, 1977] and conflicting results were also observed 
relating to reduced setting times [Shin, H-S, et al, 1992]. 
In research comparing the Chemfix® process and the Poz-O-Tec process (limetfly ash 
based system), leaching results suggest that the silicate system produced lower metal 
leaching values than the lime/fly ash based system. In general, sodium silicate and 
cement appear to work better for immobilising electroplating waste sludges [Ghosh, 
1987]. Comparisons with the Sealosafe system (pulverised fuel ash and OPC 
treatment technology) produced total intruded volume for porosity measurements 
higher for Chemfix® than Sealosafe, although, the percentage of pore volume greater 
than 10,000A is largest for the Sealosafe mixes [Poon, et al 1986]. An important 
observation was also made that no permeability data was obtained for the Chemfix® 
process because all samples developed micro-cracking which invalidated the 
measured data. The increase in total porosity is in agreement with other research 
which has been attributed to much larger water content in the final solid [Balzamo, 
Castellano, and Angelis, 1996]. Additional research showed that despite the higher 
porosity produced with sodium silicate OPC mixes, the leachability of Zn was low, 
which indicates that permeability is not an important factor in determining movement of 
this metal through the matrix and that chemical stabilisation rather than physical 
encapsulation is the controlling factor in reducing metal mobility [Poon, et al, 1985]. It 
is often claimed that stabilisation of metal involves the formation of insoluble metal 
silicates but SEM and XRD examinations did not reveal any identifiable crystalline zinc 
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silicate, though amorphous gel of calcium silicate was observed in both pure Chemfix 
and metal bearing Chemfix solids. The absence of zinc silicate is to be expected since 
the solution containing zinc was added to the cement mix prior to sodium silicate 
addition. Under these conditions, it is thought likely that most of the zinc would be 
precipitated as the hydroxide or would react with the calcium hydroxide to produce 
possibly calcium zincate [Poon, et al 1985]. 
Silicate sludge and silicate/water samples indicated improved setting characteristics 
compared with analogous non-silicate samples, reflecting the accelerating effect of 
silicate on the hydration process [Montgomery, Sollars and Perry, 1988]. Formation 
of such a gel accelerates the setting of cement and also increases the water demand of 
the system. Observations with sodium silicate/OPC systems tend to show no bleed 
water despite high water/cement ratios [Poon, et al, 1985]. Research adding sodium 
silicate/OPC mixes to sewage biosolids suggests that there is an interaction with CH 
and C3S respectively to form noncrystalline matter [Hsiau, Ping-Chin., and Lo, 
Shang-Lien, 1998]. Biosolid drying was also promoted with silica gels holding large 
amounts of free water producing a highly porous solid [Hsiau and Lo, 1997]. The 
addition of sodium silicate greatly improves the acid resistance of the cement matrix 
containing the waste. By improving the resistance of a treated waste to acid, the 
containment of its hazardous components will be improved [Mennings, Reifsnyder 
and Rock, 1991]. Improved metal retention characteristics under both equilibrium and 
TCLP test conditions using sodium silicate has been shown [Chang, J-E, et al, 1999]. 
A solidified silicate-stabilised waste can give consistently lower leaching rates than a 
sulphide, or hydroxide solidified waste [Cheeseman, et al, 1993]. Impregnation of 
cement surfaces with silicate based liquids can also reduce fluid ingress. Modification 
of cement pastes by impregnating them with silicic esters and an alkylalkoxysiloxane 
causes a reaction with water in the pores to deposit amorphous silica. This 
impregnation leads to a drastic reduction in sorptivity and the original porosity is altered 
[Artenzi, Massidda and Sanna, 1993]. 
2.9 Solidification/Stabilisation with pozzolans 
The use of cement in waste solidification/stabilisation systems often increases the cost 
of the technology. A vast amount of research has involved using cement replacement 
materials that when mixed with water act in a cementitious way, i. e., they are said to 
show pozzalonic activity. A pozzalon is defined as a material that does not exhibit 
cementing ability when used by itself, but when used in combination with other 
materials, such as OPC and lime, will interact with these agents resulting in a 
cementitious reaction [Anderson, 1994] and these materials are often the waste 
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products from industrial activities. 
2.9.1 Ground Granulated Blast Furnace Slag (GGBS) 
Slags are by-products of metallurgical industry and consist of calcium-magnesium 
aluminosilicates glass. The most commonly produced slags are from the iron and steel 
industry, called Ground Granulated Blast Furnace slag [Bakharev, Sanjayan and 
Cheng, 1999]. Concrete manufactured using slag cements have been reported to 
have greater chemical resistance [Stegemann, Shi and Caldwell, 1997] and superior 
durability in aggressive environments as compared with OPC [Bakharev, Sanjayan 
and Cheng, 1999]. They also increase long-term strength and show reduced 
permeability and diffusivity [Shi, Wu and Tang, 1991] with enhanced resistance to 
alkali-silica reactions [Domone and Soutsos, 1995]. There has been limited use of 
GGBS in toxic waste S/S which is surprising considering the widespread use of OPC + 
GGBS in concrete where it is recognised to have enhanced binding and resistance to 
ion diffusion (e. g., chloride) [Arya et al., 1990). The reduced costs involved when 
replacing cement with GGBS have also been highlighted since the production of OPC 
is an energy intensive process which requires about 4000MJ/t of cement. The grinding 
of blast furnace slag requires only approximately 10% of this energy [Shl and Qian, 
2000]. 
One of the few commercially used GGBS-based S/S processes is the Calcilox process 
[Labovitz and Hoffman U. S. Patent, 1975]. The Calcilox process is specifically 
applied to flue gas desulphurisation (FGD) waste that is composed of calcium sulphate 
and sulphite [Labovitz and Hoffman, 1979; Woodyard and West, 1979]. One 
drawback in the use of GGBS is that it requires 'activation' (i. e. addition of material to 
aid the dissolution process of the cementitious grains) to produce similar set times and 
strength development to that of an OPC system. Alkalis such as sodium hydroxide, 
sodium carbonate and sodium silicate are generally used as the alkali activator [Shi 
and Qian, 2000]. Sodium silicate is a potential activator of slag [Collins and 
Sanjayan, 1999] because of its several functions: its anions form calcium silicate gel, it 
promotes the exchange of protons on the slag acidic gel surface, and the Si-O-Si and 
Si-O bonds are readily attacked to form hydrated siloxane groups that condense, 
forming polymeric structures [Qing-Hua and Sarker, 1994; Skvara and Kopecka, 
1997]. The degree of crystallinity is very low even after one year when sodium silicate 
is used as the activator [Wang and Scrinvener, 1995]. Pore spaces within the 
hardened paste tend to be filled by sodium silicate activated hydration products [Rha, 
Kang and Kim, 2000]. Sodium silicate activated pastes with high percentage of 
sodium exhibited a high shrinkage rate, considerably higher than OPC paste, which 
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resulted in micro cracking, producing low strength data [Gifford and Gillott, 1997; 
Qing-Hua and Sarker, 1994]. Research has shown that CSH formed in the presence 
of high NaOH concentrations had 0.17 moles Na replacing Ca in CSH structure, and 
the Na-substituted form was less dense than normal CSH [Way and Shayan, 1989]. 
NMR studies have shown agreement with the substitution of Na for Ca [Schnieder, 
Cincotto and Panepuccl, 2001]. Research has also shown that pastes activated with 
water-glass have the shortest setting times [Fernandez-Jimenez, and Puertas, 2001]. 
GGBS activators incorporating waterglass (sodium silicate) with a ratio between I and 
2 showed higher compressive strengths. This was attributed to the increased pH with 
decreasing ratio [Ahmed and Buenfeld, 1997]. This is also partly due to the presence 
of silicate ions as monomeric silicate anions in concentrated watergiass (ratio s2) 
unlike polysilicate anions in watergiass (ratio >2) [filer, 1979]. It has been suggested 
that a ratio between 1 and 1.5 is the most effective for producing the best intrinsic 
properties [Slota 1987]. However, research has shown that compressive strengths can 
also increase with increasing ratio [Skvara and Kopecks, 1997] and an increase in 
water is often required to improve workability [Douglas, at al, 1991]. 
2.9.2 Metakaolin 
Metakaolin is an essentially anhydrous aluminium silicate which is derived from the 
commonly occurring clay mineral kaolin which has the formula Al2Si2O5 OR Upon 
contact with water, metakaolin is highly metastable and reacts with alkali. Since it 
contributes network forming S102 to the resulting cement, it makes a good pozzalonic 
material [Palomo and Glasser, 1992]. At up to 30% replacement, metakaolin acts as 
an accelerating agent, the pore size distribution is displaced toward small values and 
the CH content is considerably reduced with compressive strengths not affected 
[Ambroise Maximilien and Pera, 1994]. Compressive strengths and durability 
improve when 20-30% by weight of cement was replaced by metakaolin [Curcio, 
DeAngelis and Pagliolico, 1998]. This effect however is usually confined to the first 
two weeks of age [Wild, Khatib and Jones, 1996]. Porosity investigations using MIP 
indicated that metakaolin incorporation brings about a significant decrease of the 
average pore size [Khatib and Wild, 1996] and studies have shown that water addition 
is required to improve workability when metakaolin is mixed with low pH activation 
solutions such as high ratio sodium silicate [Phair and Deventer, 2001]. 
2.9.3 Rice husk ash 
Rice-husk is the woody sheath surrounding the rice grain and accounts for about one- 
fifth of the weight and the largest milling by-product of rice. The silica enters the rice 
plant through its roots in a soluble form, probably as silicate or as monosilicic acid and 
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then it moves to the outer surface of the plant, where it becomes concentrated by 
evaporation and polymerisation to form a cellulose silica membrane. It has been used 
for the preparation of active carbon and used to produce sodium silicate, active silica 
and silica sol [James, 1992]. Rice husk ash has a high water demand which produces 
slow setting times when mixed with cement unless water reducing agents are used. It 
is also resistant to dilute organic and mineral acids [Amer, et al, 1997]. It has been 
suggested that the calcium silicate hydrate produced is a CSH type II [James, 19921. 
Marketed processes such as Enviroguard, ProTek and Profix have been marketed in 
the US [Anderson, 1994] based on the use of amorphous biogenic silica and its 
sorpatative properties [Durham and Henderson, 1984]. 
2.9.4 Municipal Solid Waste Incinerator Ash 
Incineration (or combustion) is a common method for the disposal of municipal solid 
waste (MSW) significantly reducing the volume of waste [Hamernik and Frantz, 1991] 
by 70-80% [Williams, 1994]. Most current municipal solid waste combustors recover 
energy from the waste in the form of high-pressure steam but also creates a new 
waste, the ash that remains after combustion. With estimates of the current quantity of 
municipal solid waste ash (MSWIFA) at over five million tonnes per year by 2000, the 
disposal of MSWIFA has become a significant economic and environmental issue 
[Berg and Neal, 1998]. Bottom ash (coarse material) which comprise of approx. 85- 
90% of all the residues produced has been successfully reused as aggregate material 
in a number of applications [Pere and Ambroise, 2000], with the possible introduction 
of the aggregate tax being one driving force for its continued popularity [York, 2000]. 
The remaining solid residues are collected from the boilers, heat exchangers and air 
pollution control devices and are bulked together as fly ash (fine material). In most 
countries, the fly ash is assumed to be a highly toxic material and is automatically sent 
to hazardous waste containment facilities [Hjelmar, 1996]. In Japan, current 
regulations will probably force the vitrification of the fly ash [Pere and Ambroise, 
2000]. The principal fears concerning the handling of fly ash relate to the high 
concentrations of aluminium, chloride, uncombusted organics/organic reaction products 
and trace heavy metals that can be found in the fly ash [Kawakami, at al, 1996]. If the 
incinerator fly ash is improperly disposed of, it would result in soil and groundwater 
contamination due to the leaching of heavy metals and organic constituents like dioxins 
and furans [Yang and Chen, 1994]. If a process can be developed that can reduce 
toxicity and stabilise the waste, the reuse of MSW fly ash could become an option 
[Hudales, J. B. M., 1994]. 
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The use of cementitious binders to solidify and stabilise MSWIFA residues have been 
predominantly investigated using bottom ash and to a lesser extent, MSWIFA. The 
porous nature, water sorption capacity and pH of the incinerator fly ash are all 
important factors in the use of MSWIFA with cement [Yang and Chen, 1996]. 
Research carried out has shown that an optimum level of 10% MSWFA replacement 
improves strength development compared to a cement alone mix [Cheong, Tay and 
Show, 2000; Hwa and Kiat, 1991]. It has also been shown that setting times increase 
and mix fluidity decreases with an increase MSWIFA addition. This has been attributed 
to the high chloride content which is well known as a 'hardening accelerator' 
[Redmond et al, 1998,1999]. Microstructural investigations have shown that porosity 
increases with MSWIFA addition due primarily to the dissolution of aluminium in the 
alkaline pore solution causing a liberation of hydrogen gas [Fernandez, at all, 2000] 
and a Scanning Electron Microscopy (SEM) study has shown that the bond between 
the cement paste and the MSWIFA seemed to be weak [Kessler, at at, 1992]. 
Additional SEM observations showed that many MSWIFA particles are porous and 
have a very high specific surface area leading to a greater water absorption [Redmond 
et al, 1998]. The XRD patterns of untreated fly ashes reveal that the main crystalline 
phases of all the fly ashes were anhydrite, halite and sylvite which are significantly 
reduced when fly ash samples are washed which removes large quantities of Ca, Na, 
K, Cl and SO42- [Kawakami, at al, 1996]. The addition of MSWI fly ash can also lead to 
delayed setting, weak hardening development and volume expansion. Other workers 
showed that a reduction in free salts NaCI and KCI in the paste not only formed calcium 
chloroaluminate hydrate (3CaO " Al, " CaC12.10H20) [Ubbriaco and Calabrese, 
1998] but also interacted with the CSH phase [Beaudoin, Ramachandran and 
Feldman, 1990]. During monolith leaching test experiments on MSWIFA stabilised 
using the Chemfix process, the structural integrity of solid form failed before the test 
could be completed [Kosson, Kosson and Sloot, 1993]. 
2.9.5 Pulverised Fuel Ash 
Pulverised-fuel ash (PFA) is a by-product from the combustion of pulverized bituminous 
coal in electricity power generation and is also known as fly ash in many countries and 
in European standards [Sear, 1998]. The ash is collected from the furnace gases by a 
combination of mechanical filtration and electrostatic precipitators. For use in concrete, 
or other cementitious application it is normally supplied as a dry powder in road tankers 
for uses such as high volumes in dams and pavements, hot rolled asphalt and high 
volume uses for coastal protection [Cabrera and Woolley, 1994]. MWSI fly ash mixed 
with PFA showed greater early strengths than cement-based systems [Manglalardi, at 
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al 1999]. Two commercial processes have utilised PFA in the containment of waste 
materials, the Poz-O-Tec process [Ghosh, 1987] and the Sealosafe process [Poon, et 
al 1986]. 
2.9.6 Silica fume (micro silica) 
Silica fume is a waste product from the metal smelting industry. It is a very fine dark 
grey powder with particle sizes approximately 1/100 the size of Portland cement 
particles. If used in the right proportions (about 8% by weight of the portland cement) it 
can double the compressive strength of the concrete, reduce permeability and increase 
density. It can be difficult to handle as it is very fine, and makes the wet mix "sticky" 
[Kuennen, T, 1998]. When silica fume was used as partial replacement of cement, 
experimental results indicated that the waste forms were free of bleeding water and no 
sign of physical deterioration in water immersion test was observed, although partial 
replacement of cement by silica fume needs a higher water content to keep good 
workability [Chuang and Wang 1996]. Kahli [Khali, 1996] found that the specific 
surface areas as well as the total pore volume were found to decrease with increasing 
amount of silica fume as hydration proceeded. Additional research using silica fume 
found that the incorporation of silica fume into the cement matrix minimized the 
detrimental effects of organic materials on the cement hydration reaction [Jun, Shin 
and Palk, 1997], reduced chloride diffusion with the production of superior high 
performance cements [Salas, de Gutierrez and Delvasto, 1997] and caused a 
reduction in copper release leading immediately to a greater amount of the element 
being immobilised in the cement matrix [Di Palma and Medici, 1999]. 
2.9.7 Organophilic clays 
A range of commercial industrial adsorbents including activated carbon, quaternary 
ammonium exchanged clays and zeolites have been evaluated for the adsorption of 
retarding organics in mixed waste streams prior to cement based solidification [Pollard, 
et al, 1991]. Organic wastes can retard C3S hydration which would lead to a dormant 
period in the setting of the waste form [Montgomery et al, 1991a]. The careful use of 
organophilic clays can reduce adverse effects of organic compounds on cement setting 
[Montgomery, et al, 1991b; Montgomery, Sollars and Perry, 1991]. Exchanged 
clays have received considerable attention as potential adsorbents for the S/S of 
organically contaminated wastes. In such a system, the organophilic nature of the 
quaternary ammonium salt (QAS) exchanged clay enhances the clay's capacity to 
adsorb organic compounds from aqueous media. Two similar studies [Sheriff et al, 
1989; Montgomery, et al, 1988] used montmorillonite clays exchanged with a number 
of quaternary ammonium salts to absorb a range of phenols from an aqueous solution 
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and then solidified them with OPC. Results showed an enhanced retention of organic 
compounds. The addition of activated charcoal was observed to aid cement hydration 
and increase compressive strength [Sheriff et al, 1989]. In an extension of the Soliroc' 
process [Millot, Dalga and Foussard, 1986], acidic organic wastes arising from the 
manufacture of fine chemicals were treated with and without the inclusion of powdered 
activated carbon. Claimed reductions in the COD (chemical oxygen demand) of leach 
test filtrates were in the order of 70-90 percent (w/w) compared to 20-50 percent (w/w) 
for the process without the inclusion of carbon. 
2.10 Hazardous waste - Characterisation, assessment and disposal 
Waste is hazardous when it contains substances or has properties that might make it 
harmful to human health or the environment. These are wastes with a high potential to 
harm people (e. g. carcinogenic, toxic, highly flammable) or the environment (e. g. ozone 
depleting or ecotoxic) [Harrsion, R. M, 2001). 
The Hazardous Waste Directive [HWD, Council Directive 91/689/EEC] provides a 
European wide definition of hazardous waste to ensure correct management and 
regulation. The HWD defines hazardous waste as wastes featuring on a list drawn up 
by the European commission because they posses one or more of the hazardous 
properties set out in the HWD. There are 14 hazardous properties set out in the Annex 
III of the HWD. 
In 1994, a comprehensive list of all wastes, hazardous and otherwise was produced 
pursuant to Council Directive 75/442/EEC. This list is known as the European Waste 
Catalogue [EWC 1994, Commission Decision 9413/EC]. Council Decision 94/904/EC 
then defined which of these wastes on EWC 1994 are deemed to be hazardous, based 
on the properties set out in the HWD. The resulting list of wastes was called the 
Hazardous Waste List (HWL). The EWC was revised in 2002 [Commission Decision 
2000/532/EC] to catalogue all wastes grouped according to generic industry, process 
or waste type. The EWC 2002 differentiates between non hazardous and hazardous 
by identifying hazardous waste with an asterisk (*). 
The requirements of the HWD have been incorporated into UK legislation by the 
implementation of the Special Waste Regulations (as amended) [Special Waste 
Regulations SI 1996 No. 972, Special Waste Regulations (amendment) (England 
and Wales) SI 2001 No. 3148]. Special waste is waste that has one or more 
hazardous characteristics, or contains more than a threshold quantity of a hazardous 
material. The purpose of these regulations is to provide an effective system of control 
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for wastes that are dangerous and difficult to handle to ensure they are soundly 
managed from their production to their final destination for disposal or recovery. 
2.10.1 Hazardous waste assessment 
There are a number of steps involved in determining if a waste is hazardous or non 
hazardous. Detailed guidance to this assessment has been provided by the 
Environment Agency with the introduction of Technical Guidance WM2 [Environment 
Agency, 2003]. 
The waste in question needs to be identified on the EWC 2002. A waste type marked 
with an asterisk would define the waste as hazardous. However, the terms 'Absolute' 
and 'Mirror' entries have been introduced to identify wastes containing 'dangerous 
substances' at different concentrations. 
Absolute entries in the EWC 2002 are deemed to be hazardous regardless of their 
composition or the concentration of any 'dangerous substance' within the waste. Mirror 
entries in the EWC 2002 are those wastes that may be hazardous depending on the 
actual composition and the concentrations of 'dangerous substances' within the waste. 
The simple way to identifying if a 'mirror entry' is hazardous is to identify the chemical 
composition of the waste and then determine if the concentrations of the chemicals 
within the waste are sufficient to render the waste hazardous. 
Assessing the presence of 'dangerous substance' can be achieved by using the 
classification system in the approved supply list (ASL) [HSC, 2002], which describes 
hazard information and classification of common chemicals with the associated safety 
risk phrases. The waste must be assessed to determine if it possess any of the 
hazardous properties H1 to H14 in the HWD. This can be achieved by calculation or 
analysis of the waste. If a waste contains a 'dangerous substance' at a concentration 
at or above a threshold concentration for any of the hazardous properties HI to H14, 
the waste will be hazardous and is categorised as the hazardous 'mirror entry'. 
2.10.2 Hazard classification and threshold values 
The hazard class and threshold values are used to determine if the waste is deemed to 
be hazardous. The following details the nature of the hazard and the threshold value if 
applicable [Environment Agency, 20031. 
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HI Explosive 
Substances and preparations which may explode under the effect of flame or 
that are more sensitive to shocks or friction than dinitrobenzene. 
H2 Oxidising 
Substances and preparations which exhibit highly exothermic reactions when in 
contact with other substances, particularly flammable substances. 
H3A Highly flammable 
Liquid substances and preparations having a flash point below 21°C (including 
extremely flammable liquids), or 
Substances and preparations which may become hot and finally catch fire in 
contact with air at ambient temperature without any application of energy, or 
Solid substances and preparations which may readily catch fire after brief 
contact with a source of ignition and which continue to burn or to be consumed 
after removal of the ignition source, or 
Gaseous substances and preparations which are flammable in air at normal 
temperature and pressure, or 
Substances and preparations which, in contact with water or damp air, evolve 
highly flammable gases in dangerous quantities. 
H3B Flammable 
Liquid substances and preparations having a flash point equal to or greater than 
21 °C and less than or equal to 55°C. 
H4 Irritant 
Non-corrosive substances and preparations which, through immediate, 
prolonged or repeated contact with the skin or mucous membrane, can cause 
inflammation. 
Threshold 
One or more irritant substances classified with risk phrase R41 (risk of serious 
damage to eyes) z 10% or one or more irritant substances classified with risk 
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phrases R36 (irritating to the eyes), R37 (irritating to the respiratory system) or 
R38 (irritating to the skin) is z 20%. 
H5 Harmful 
Substances and preparations which, if they are inhaled or ingested or if they 
penetrate the skin, may involve limited health risks. 
Threshold 
One or more substances classified as harmful at a total concentration is z 25%. 
H6 Toxic 
Substances and preparations (including very toxic substances and 
preparations) which, if they are inhaled or ingested or if they penetrate the skin, 
may involve serious, acute or chronic health risks and even death. 
Threshold 
One or more substances classified as very toxic is z 0.1% or one or more 
substances classified as toxic is Z 3% 
H7 Carcinogenic 
Substances and preparations which, if they are inhaled or ingested or if they 
penetrate the skin, may induce cancer or increase its incidence 
Threshold 
One substance known to be carcinogenic of category I or 2 at a concentration 
a 0.1 and one substance known to be carcinogenic of category 3 at a 
concentration Z1%. 
H8 Corrosive: 
Substances and preparations which may destroy living tissue on contact. 
Threshold 
One or more corrosive substances classified with risk phrase R35 (causes 
severe burns) at a total concentration Z 1% or one or more corrosive 
substances classified with risk phrase R34 (causes burns) at a total 
concentration z 5% 
54 
H9 Infectious 
Substances containing viable microorganisms or their toxins which are known 
or reliably believed to cause disease in man or other living organisms. 
H10 Toxic to Reproduction 
Substances and preparations which, if they are inhaled or ingested or if they 
penetrate the skin, may produce or increase the incidence induce non- 
hereditary congenital malformations or increase their incidence. 
Threshold 
One substance toxic for reproduction of category 1 or 2 classified with risk 
phrases R60 (may impair fertility) and R61 (may cause harm to the unborn 
child) at a concentration as a, 0.5% and one substance toxic for reproduction of 
category 32 classified with risk phrases R62 (Possible risk of impaired fertility) 
and R63 (possible risk of harm to the unborn child) at a concentration Z 5% 
H11 Mutagenic 
Substances and preparations which, if they are inhaled or ingested or if they 
penetrate the skin, may induce hereditary genetic defects or increase their 
incidence. 
Threshold 
One mutagenic substance of category 1 or 2 classified with risk phrase R46 
(may cause heritable genetic damage) at a concentration z 0.1% and one 
mutagenic substance of category 3 classified with risk phrase R68 (possible 
risks or irreversible effects) at a concentration z1% 
H12 Substances and preparations which release toxic or very toxic gases in contact 
with water, air or an acid. 
H13 Substances and preparations capable by any means, after disposal, of yielding 
another substance, e. g. a leachate, which possesses any characteristics listed 
above. 
H14 Ecotoxic 
Substances and preparations which present or may present immediate or 
delayed risks for one or more sectors of the environment. 
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The hazard class and threshold values are used to determine if a concentration of a 
substances deems the waste to be hazardous e. g. If the assessment of a waste is 
carried out and it is determined that the waste contains a substance with the hazard 
classification toxic from calculation or analysis, then the waste will be classed as 
hazardous if the concentration is greater or equal to 3% in the waste. If the 
concentration of this substance is determined to be less than 3% then the waste is 
classified as non-hazardous. However, the waste may contain a number of substances 
at different concentrations, each one requires assessment in accordance with the 
hazardous properties and threshold values. 
2.10.3 Hazardous waste and the Landfill Directive 
The objective of the Landfill Directive is to prevent or reduce as far as possible the 
negative effects of landfilling on the environment as well as any resulting risk to human 
health. The overall aim is to; 
"prevent or reduce as far as possible negative effects on the environment, in particular 
the pollution of surface water, groundwater, soil and air, and on the global environment, 
including the greenhouse effect, as well as any resulting risk to human health, from the 
landfilling of waste, during the whole life-cycle of the landfill". 
To meet these aims and objectives, the implementation of the Landfill regulations [The 
Landfill (England and Wales) Regulations SI 2002 No. 1559, The Landfill (England 
and Wales) (Amendment) Regulations 2004 $1 2004 No. 1375] brought into force a 
number of aspects of the landfill directive including banning the co disposal of 
hazardous, non hazardous and inert wastes. The regulations requires that existing 
landfill operators decide on the classification into three types: hazardous, non 
hazardous or inert. These regulations have also introduced additional requirements 
including the pre treatment of hazardous waste prior to disposal, waste acceptance 
procedures and waste acceptance criteria (standards) that must be met before waste 
can be land filled. 
2.10.4 Pre-treatment 
Pre-treatment is commonly referred to as a three point test. Any pre-treatment must 
fulfil three criteria; 
I. It must be a physical/thermal/chemical or biological process including sorting 
2. It must changes the characteristics of the waste. 
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3. It must do so in order to 
a) reduce its volume, or 
b) reduce its hazardous nature, or 
c) facilitate its handling, or 
d) enhance recovery 
Waste acceptance procedures (WAP) are requirements for the characterisation and 
testing of wastes and checking loads prior to acceptance at landfills. Steps must be 
taken to ensure that waste accepted at the landfill is 
" authorised to be accepted at the site 
" has been pre-treated, and 
" satisfies the relevant waste acceptance criteria 
2.10.5 Waste Acceptance Procedures (WAP) 
As part of the WAP, three levels of testing have been introduced. Level 1 involves 
basic characterisation by the gathering of information on waste transfer notes e. g. 
standard analysis of waste. Level 2 involves compliance testing by periodical analysis 
of the waste being received by the landfill operator. This analysis should be in line with 
the characterisation identified from the basis characterisation. Level 3 requires an on 
site verification to be carried out. This can be achieved simply by visual inspection of 
the loads and the accompanying documentation before and after the unloading of the 
waste at the landfill. 
2.10.6 Waste Acceptance Criteria (WAC) 
The waste acceptance criteria (WAC) are standards (limit values) on the content of 
some organic parameters or on the amounts of certain inorganic components that may 
leach from inert, non hazardous or hazardous waste that are to be landfilled. Wastes 
have to be sampled and tested using standard methods to establish whether or not 
they can meet the limit values. These requirements laid out in the Landfill regulations 
2004 will come into force in July 2005. 
Waste can only be disposed to an inert landfill, without testing, if the waste materials 
have been identified as inert in the regulations. The waste must be tested to meet limit 
values for an inert landfill if the waste required for disposal is not identified as inert. 
Table 5 shows the wastes types classified as inert that do not require testing. Tables 6 
and 7 show the current limit values for waste to be accepted at an inert, non hazardous 
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and hazardous landfills (coming into force in July 2005). The results of analysis in 
accordance with these tests must be below the levels set for each type of landfill. 
Table 5 Wastes classified as inert without testing 
EWC Code Description Restrictions 
1011 03 Waste glass based fibrous materials Only without organic binders 
15 01 07 Glass packaging 
170101 Concrete Selected C&D waste onlyý°) 
17 01 02 Bricks Selected C&D waste only') 
17 01 03 Tiles and ceramics Selected C&D waste only') 
17 01 07 Mixtures of concrete, bricks, tiles and Selected C&D waste only') 
ceramics 
17 02 02 Glass 
17 05 04 Soil and stones Excluding topsoil, peat; excluding soil 
and stones from contaminated sites 
1912 05 Glass 
20 01 02 Glass Separately collected glass only 
20 02 02 Soil and stones Only from garden and parks waste; 
Excluding top soil, peat 
° Selected construction and demolition waste (C &D waste): with low contents of other types of materials (like metals, plastic, 
organics, wood, rubber, ctc). The origin of the waste must be known 
No C&D waste from constructions, polluted with inorganic or organic dangerous substances, cg because of production processes in 
the construction, soil pollution, storage and usage of pesticides or other dangerous substances, etc., unless it is made clear that the 
demolished construction was not significantly polluted. 
No C&D waste from constructions, treated, covered or painted with materials, containing dangerous substances in significant 
amounts. 
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Table 6 WAC limit values for waste disposal at landfill (BS EN 124571-3: 2002) 
Component 
Arsenic 
Barium 
Cadmium 
Total Chromium 
Copper 
Mercury 
Molybdenum 
Nickel 
Lead 
Antimony 
Selenium 
Zinc 
Chloride 
Fluoride 
Sulphate* 
Phenol index 
Symbol 
US =101/kg - mg/kg dry substance 
Inert Non Hazardous&d) Hazardous (d) 
As 0.5 
Ba 20 
Cd 0.04 
Cr0.5 
Cu 2 
Hg 0.01 
Mo 0.5 
Ni 0.4 
Pb 0.5 
Sb 0.06 
Se 0.1 
Zn 4 
CI' 800 
F 10 
5042 1,000 
PI 1 
Dissolved Organic Carbon DOC 50011, 
2 25 
100 300 
15 
10 70 
50 100 
0.2 2 
10 30 
10 40 
10 50 
0.7 5 
0.5 7 
50 200 
15,000 25,000 
150 500 
20,000 50,000 
800(°) 1,0001) 
Total Dissolved Solidsl0l TDS 4,000 60,000 
N. B. Analysis carried out in accordance with BS EN 12457 1-3: 2002, L/S = liquid/solid ratio 
100,000 
(') This limit value for sulphate may be increased to 6,000 mg/kg, provided that the value of Co (the first eluate of a percolation test 
at L/S = 0.1 I/kg) does not exceed 1.500 mg/I. It will be necessary to use a percolation test to determine the limit value at L/S - 0.1 
1/kg under initial equilibrium conditions. 
(") If the waste does not meet this value for Dissolved Organic Carbon (DOC) at its own pit value, it may alternatively be tested at 
L/S = 101/kg and a pH between 7.5 and 8.0. The waste may be considered as complying with the acceptance criteria for DOC, if the 
-suit of this determination does not exceed 500 mg/kg. 
"' The value for Total Dissolved Solids can be used alternatively to the values for Sulphate and Chloride 
(d' The Environment Agency may include conditions in a permit authorising limit values for specific parameters (other than 
dissolved organic carbon) up to three times higher for waste accepted in a mono-fill landfill taking into account the characteristics of 
the landfill and its surroundings and provided a risk assessment demonstrates that emissions (including leachate) from the landfill 
will present no additional risk to the environment 
(°) If the waste does not meet this value for Dissolved Organic Carbon (DOC) at its own pH, it may alternatively be tested at L'S = 
10 1/kg and a pH of between 7.5 and 8.0. The waste maybe considered as complying with the acceptance criteria for DOC, if the 
result of this determination does not exceed 800 mg/kg. 
to If the waste does not meet this value for dissolved organic carbon (DOC) at its own pH, it may alternatively be tested at US = 10 
Ukg and a pH of between 7.5 and 8.0. The waste maybe considered as complying with the acceptance criteria for DOC, if the result 
of this determination does not exceed 1,000 mg/kg. 
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Table 7 WAC limit values for waste disposal at landfill 
Parameter Non 
Hazardous Hazardous 
Value - mg/kg (unless stated) 
Inert 
Loss On Ignition (LOI)(a) 
Total Organic Carbon (TOC) 30,000(b) 5%(C) 
10% 
6%(d) 
pH - minimum 6 
BTEX compounds (benzene, 6.0 
toluene, ethyl benzene & xylenes) 
Polychlorinated biphenyls (PCBs) 1.0 (7 congeners) 
Mineral oil (Cl 0 to C40) 500'b) 
Acid Neutralisation Capacity 
(ANC) 
` Either Loss on Ignition (LOI) or Total Organic Carbon (TOC) must be used 
Must be evaluated between the pH 
of the waste in question, pH6 and 
the pH of the site leachate 
1b)1n the case of soils, a higher limit value may be permitted by the Environment Agency, provided a Dissolved Organic Carbon 
value of 500 mg/kg is achieved at US 10 Vkg at the pit of the soil or at a p11: value of between 7.5 and 8.0. 
ý`) If this value is not achieved, a higher limit value may be permitted by the Environment Agency, provided that the Dissolved 
Organic Carbon (DOC) value of 800 mg/kg is achieved at L/S=10 I/kg, either at the material's own pH or at a pH value between 7.5 
and 8.0 
(d' If this value for TOC is not achieved, a higher limit value may be permitted by the Agency, provided that the DOC value of 1,000 
mg/kg is achieved at L/S = 10 1/kg at its own pl. I or a pH value of between 7.5 and 8.0. 
The main testing requirements for the WAC are based on BS EN 12457-1: 2002 1-3 
[British Standard Institute BS EN 12457-1: 2002 1-3,2002]. The aim of the testing 
regime is to determine the leaching potential of granular waste or sludge over time by 
agitating the waste in fluid for a set period of time using different liquid/solid ratios. The 
results are then compared to the WAC for the correct disposal route. 
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2.10.7 Stable non reactive hazardous waste (SNRHW) 
The Landfill regulations also allow the disposal of stable non-reactive hazardous 
wastes (SNRHW) in separate cells in non-hazardous landfill sites. This term can be 
applied to waste whose leaching behaviour will not change adversely in the long term 
under the landfill design conditions either 
" Due to changes in the waste itself (e. g. biodegradation) 
" Under the impact of long term ambient conditions (e. g. water, are, temperature 
or mechanical constraints) 
" By impact of other wastes (including landfill leachates and gas) 
SNRHW is likely to include a range of monolithic solidified wastes or granular wastes 
produced by a variety of treatment plants (e. g. filter cakes and treated fly ash). Treated 
hazardous wastes will have to meet the WAC standards for a non hazardous landfill 
before disposal in a separate cell within a non hazardous landfill can be allowed. 
The ban on the co disposal of inert, hazardous and non hazardous waste has reduced 
the number of landfill sites that can accept hazardous waste from 240 to 
approximatelylO. This has resulted in a dramatic increase in the costs of hazardous 
waste disposal. Treatment options that can reduce the leaching potential of hazardous 
wastes to meet the non hazardous WAC are likely to increases in an effort to reduce 
hazardous waste disposal costs by hazardous waste producers. 
2.11 Conclusions 
The discussion regarding the ability of cement to contain hazardous waste suggests 
that the amount of CSH formed and the ratio of C/S can be a critical factor in the 
retention of hazardous materials. Waste additions can reduce final strength and long 
term durability which can be directly attributed to the final porosity of the solidified 
waste form. The pH of microenvironments in and around solidified waste material will 
have a controlling factor on leachability although how this is measured by the vast 
number of leaching tests available is open to debate. Research has been on going to 
develop a leaching protocol that can be used across Europe to standardise and set 
limits for leachability tests [van der sloot et al, 1994; Kosson and van der sloot, 
1997; van der Sloot et al, 1997] which provide a comprehensive understanding to the 
leaching tests available and the progress made to date. Replacing cement with 
siliceous additives has shown that it improves the final solid waste form and in some 
cases can reduce the costs of the process since some are wastes themselves [Collins 
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and Atkinson, 1994]. The replacement/alteration of cement with siliceous additives 
and the control of contaminant release under different leaching environments would 
certainly be an area of research worth investigating. 
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3.0 Methodology development 
Experimental method development forms an essential part of this research program. In 
a perfect research world, every scientist would have access to all the equipment they 
desired and no expense would be spared on analytical techniques required to complete 
the research. Unfortunately, in most research establishments, this is not always the 
case and method development with available equipment is often an initial and 
continuing part of the research. On the other hand it is also important to adhere to 
standard methods of analysis so that results can be compared with other workers in a 
similar research field. Research comparisons are vital for the area of interest to 
progress. It seems therefore, that a cost benefit balance between following standard 
methodology and equipment availability needs to be met. Research groups with a 
track record in a particular research area will have acquired related methods and 
equipment as the research unit has become established. This was not the case with 
Ineos Silicas who wanted to develop expertise in the area. The majority of equipment 
issues could be addressed before any experimental work was carried out however, in 
most cases, equipment and methodology were adapted as problems arose. Most 
experimental procedures therefore include observations and trouble shooting as part of 
the research program. 
The majority of analytical procedures were carried out by the RE. With the large 
amount of analytical investigations in the research program and the availability of 
instrumentation, it was not possible for the research engineer to complete all of the 
analytical work. In some cases, analysis was carried out by INEOS Silicas Central 
Analytical Department and external laboratories. Table 8 sets out the division of labour 
between the research engineer, INEOS Silicas CAD and external sources. The quality 
controls used to ensure all analytical sources provided acceptable results are also 
presented. 
3.1 Preparation of Wastes for Analysis 
All waste materials were dried at 60°C and ground before being used in the research to 
produce a waste in a homogenous form. This involved using a hammer mill to grind 
the material and then an ASTM No 100 sieve (150µm) to achieve a uniform particle 
size. 
3.1.1 Apparatus 
" Grinder - Groschopp Hammer Mill (Figure 7) 
" ASTM No. 100 (150µm) sieve (Figure 9) 
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9 Sieve Shaker - Octagon 2000 Test Sieve Shaker (Figure 8) 
Table 8 Analytical methods and quality controls 
Analytical Procedure 
Waste Preparation 
Mixing 
.. _......... .... . ............... .... Set Rate 
Bleed Water 
Compressive Strength 
........... Analysis of Free Water 
Freeze Drying 
Acid Neutralisation Capacity 
......................................... Porosity MIP 
.. _ . ....... .... ... .... ..... .......... pH 
............ ....... _........ ........................ Monolith Leach 
TDS 
Total Carbon 
Bulk Density 
Loss On Ignition 
......... . -.............. _.... ........... _......................... _......... .......... ..... ....... _.... _... _...... .. __.. XRF 
................. _............... ........... ......... _........ ......... _......... ..... ............. .......... _........... _..... ICP-Metals 
....................................................................... Particle Size 
Ion Chromatography 
................... 
SEM 
Sorptivity 
Sample 
Preparation 
RE 
Analysis Quality Control 
NA 
RE NA 
RE RE 
RE RE 
RE 
NA 
NA 
X3 
Duplicates 
X3 
RE Duplicates 
RE NA NA 
RE 
RE 
RE RE Duplicates 
RE 
Ramat Intrusion 
RE RE Duplicates 
RE RE Duplicates 
RE RE Duplicates 
CAD Duplicates 
CAD CAD None 
RE RE Duplicates 
RE RE Duplicates 
Sheffield Sheffield Duplicates Hallam Hallam 
RE RE QC Sam lpees 
CAD CAD CAD QC 
RE CAD Duplicates CAD QC 
Geomaterials RE University None of Greenwich 
RE RE Duplicates 
R. E. Research Engineer (author) 
CAD: Central Analytical Department, Ineos Silicas 
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Figure 7 Groschopp hammer Mill 
Figure 9 ASTM No. 100 (150µm) sieve 
Figure 8 Octagon 2000 Test 
sieve shaker 
3.1.2 Method 
1. Dry the waste material in a conventional oven at 60°C for 48 hours. The oven 
must be kept in a fume cupboard at all times. 
2. Allow waste to dry and break into lumps for grinding. 
3. Place lumps in grinder and remove ground waste into sieve. Place sieve in 
shaker for 10 minutes. 
4. Pour sieved contents into container for characterisation. 
N. B. A dust mask and gloves must be worn at all times. All operations to be carried 
out in a fume cupboard. 
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3.1.3 Observations and trouble shooting 
Concerns were expressed over the use of a grinder with metal jaws and plates. This 
may lead to the introduction of additional metal contaminants into the waste materials. 
During the initial waste preparation phase, this problem was deemed not significant 
prior to waste characterisation. Any grinding of solidified waste materials requires 
careful consideration with regard to metal contamination. All size reduction of solidified 
waste samples were carried using a pestle and mortar to ensure no additional metals 
are introduced to the samples. 
3.2 Mixing of binders and additives 
Mixing is a crucial component of any S/S process since it is at this stage that the 
majority of reactions between the individual components occur. For large volume 
operations with continuous feed, continuous mixing usually gives the best results at the 
lowest cost. For smaller projects, batch mixing may be the only feasible method 
[Conner, 1990], which is generally the case when working on a laboratory scale 
operation. The main aim of the mixing process is to bring all of the additives into 
contact to form a homogenous mass. It is undesirable to create areas of unmixed 
material and in some cases, over mixing can also cause problems. 
3.2.1 Apparatus 
" Mechanical Mixer - screw propeller mixer (Figures 10 a& b). 
" Mechanical Mixer - Kenwood Chef (Figure 11) 
" Beaker -1 litre 
" Balance -2 decimal place precision 
The initial investigations into the mixing process involved using a mechanical mixer 
with a variable rotation speed and a three bladed paddle attached in a drill chuck 
mechanism (Figures 10 a& b), a common mixer used within the INEOS Silicas 
laboratory. The mixing time was set at two minutes to allow complete mixing to occur. 
3.2.2 Method 
1. Weigh the required amount of cement into a plastic beaker using a 150µm sieve 
to remove any lumps within the cement. 
2. Weigh the required amount of pozzalon (if required) and add to the cement, 
mixing in evenly. 
3. Add the required amount of water and mix for approximately 2 minutes. 
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Figure 10a Mechanical mixer 
11 LJ 
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Figure 10b Mechanical fixer (components) 
4. Add the required amount of waste (if required). 
5. Add the required amount of soluble sodium silicate (if required) to the mix and 
continue to mix. Allow mixing to continue (approximately 2 minutes) to allow the 
formation of a homogenous mass. 
6. The mix is ready to be used for setting experiments, strength development and 
any other test required. 
N. B. Different orders of addition for all materials may be used which is dictated by the 
experimental mix design. 
3.2.3 Observations and trouble shooting 
The mixed mass formed by using this type of mixer developed a number of problems. 
It became difficult to produce a homogenous mass when soluble sodium silicate was 
added which required an increase in the mixing speed. This type of mixer also created 
a vortex during the mixing stage which allowed air to be entrained into the final mass. 
Excess air in the solid mass can lead to poor strength development and can produce 
inferior results when subjected to leaching tests. A high sheer mixer could be used to 
produce a more homogenous mass, but this would increase the amount of air in the 
final solid. An improvement to the mixing process was required, which involved the 
purchase of a Kenwood Chef7M mixer with a 'K' blade (Figure 11). 
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Figure 11 Kenwood Chef 
This type of mixer is similar to the common cement mixers used in the construction 
industry, which tend to 'fold' the additives into a homogenous mass. Greater mixing 
control was achieved although the addition of soluble sodium silicate still caused a 
rapid stiffening of the mass making it difficult to mix. This problem can only be 
controlled by the careful addition of water. 
3.3 Determination of set rate 
Set times of additives, binders and waste mixes are determined by using a cone 
penetrometer with a plunging mechanism. The distance of penetration into the mix 
provides information to determine the set rate of the mix over time. The method has 
been adapted from ASTM C191-01 Standard Test Method for Time of Setting of 
Hydraulic Cement by Vicat Needle and ASTM C403/C403M-99 Standard Test Method 
for Time of Setting of Concrete Mixtures by Penetration Resistance. 
3.3.1 Apparatus 
" ELE Cone Penetrometer (Figure 12a & b) - The penetrometer is supplied with a 
plunger, cone (32.75g) and two separate weights, 50g and 100g that can be 
added to the plunge stem. The base must be placed on a flat surface to ensure 
the instrument is horizontal. 
" Plastic Spatula. 
"1 Litre Dines Container with lid. 
" Timing Device - Stopwatch 
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3.3.2 Sample preparation 
All samples prepared for set time determination are mixed according to Mixing of 
Binders and Additives (see Section 3.2). Once the sample has been mixed, the mixture 
is poured or transferred by spatula into a1 Litre Dines container and sealed with a lid. 
This process needs to be carried out quickly because setting starts as soon as mixing 
stops. 
3.3.3 Cone penetrometer operation 
The set time intervals are determined by operator experience. A general time interval 
of 10-15 minutes is applied, although fast setting mixes require shorter time intervals 
towards the beginning of the test. Adjustment is made according to the rate of set of 
individual mixtures. Procedure for cone penetrometer is as follows. 
1. With the pointer at zero/400 divisions, bring the cone approximately to, but not 
below, the surface of the sample by adjustment of the clamp on the main 
column. 
2. Lower the cone by means of the gear actuator control knob on the dial until the 
tip is exactly in contact with the surface of the sample. 
3. When the cone is in place with the tip in contact with the surface of the sample 
set the pointer to the zero/400 division on the dial by turning the pointer control 
knob in the dial centre. 
4. Using the finger grip, press thumb on manual release button and hold 
depressed for the period of the test. This will allow free fall of the plunger 
assembly with the cone into the sample. 
5. At the end of the time period (5 seconds ± 0.1s) remove pressure on the 
manual release button, thus locking the plunger. 
6. After completion of the fall of the plunger, measure the depth of penetration by 
bringing the rack into contact with the top of the plunger by means of the gear 
actuator control knob. 
7. Repeat determinations will be required (triplicates). These should be carried out 
not less than 10mm from the sides of the container and not less than 10mm 
apart. 
8. Plot time in minutes against penetration in 0.1 mm penetration intervals. 
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Figure 12 Cone penetrometer & components 
3.3.4 Observations and trouble shooting 
The cone penetrometer has a number of different weight attachments that can be 
added to control the depth of penetration. When testing is carried out with no weight 
attached, i. e. using the weight of the cone only, mix set occurs too fast for acceptable 
results to be produced, i. e. the weight is too low to penetrate the setting mass. On the 
other hand, adding too many weights leads to extended set times and final set may not 
be achieved during a standard working day (8 hours). The most efficient method 
involved using the penetration cone and the 50g weight. This allowed results to be 
produced during a normal working day (8 hours) although in some cases, setting 
continued for longer. Plastic containers in which the setting mass is kept during testing 
need to be sealed in between set measurements. This stops the mix from excessive 
drying which will affect the setting measurements. 
3.4 Determination of bleed water 
The amount of bleed water produced when additives and binders are mixed determines 
the capacity of a particular sample to retain toxic material at an early stage in the 
solidification/stabilisation process. Excessive amounts of bleed water will lead to the 
production of runoff that can allow contaminated water to be lost and released into the 
environment. Bleed water determinations are made by measuring the amount of water 
on top of the solid mass after the mix has set (24 hour period). 
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3.4.1 Apparatus 
" Sterilin Pot. 
" Balance -2 decimal place 
3.4.2 Method 
1. Transfer an amount of the mixed sample into a sterilin pot. 
2. Weigh pot and contents (weight 1) and seal with a lid. 
3. Remove any excess water after a 24 hour period and reweigh (weight 2). 
4. Determine amount of bleed water as % of original mass. 
Weightl 
x 100 = BleedWater% Weightl 
Bleed Water 
(10) 
Figure 13a Sterilin pot with mixed Figure 13b Sterilin pot with mixed 
sample sample - 24 hours 
3.4.3 Observations and trouble shooting 
This is a simple but effective method of measuring the amount of bleed water 
produced. It is possible a more sophisticated procedure could be devised but this 
method delivers the required information and further development was deemed 
unnecessary. 
3.5 Analysis of cores for unconfined compressive strength 
Cores of the solidified material are prepared by placing the mix into plastic moulds and 
allowed to set and cure for the required time. The cores are then tested for Unconfined 
Compressive Strength using a Zwick 030. The test was adapted from ASTM 
C39/C39M-01 Standard Test Method for Compressive Strength of Cylindrical Concrete 
Specimens. 
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3.5.1 Apparatus 
" Moulds - Three different mould sizes were made (72 mm by 36mm (2: 1); 42mm 
by 21 mm (2: 1); 30.5mm by 30.5mm (1: 1) Figure 15). 
" Perspex sheets - Figure 14. 
" Vibrating Table - Figure 16. 
" Sash clamp - Figure 20. 
" Demoulding Bars - Figure 17 
" Zwick 030 - Unconfined compressive strength was determined on a Zwick Z030 
with a 50kN compression testing cell, at a cross head speed of 2.0mm/min - 
Figure 21 
" Vacuum Packer - Figure 18 
" Humidity Cabinet - Figure 19 
3.5.2 Sample preparation 
All samples are prepared according to Mixing of Binders and Additives (see Section 
3.2) 
1. The core moulds should be prepared for the mixture by greasing the bottom of 
the moulds and the Perspex base plate to form a watertight seal. 
2. Place a portion of the mixture into the mould until it reaches the top of the 
moulds. Repeat this with the second core mould 
3. Place the second sheet of Perspex on the two moulds. 
Figure 14 Core moulds & perspex 
sheets 
Figure 15 Core moulds (72x36mm, 
42x21 mm, 30.5x30.5mm) 
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Figure 16 Vibrating table Figure 17 Demoulding bars 
4. Place the cores on the vibrating table and vibrate at the highest amplitude for 
approximately 2 minutes. 
5. Remove the cores and remove top Perspex sheet. Add additional mix to the 
mould if required. Place small amount of grease to the sheet and replace on top 
of moulds to create a watertight seal. To ensure that the mixture is sealed, 
place a weight on top of the Perspex sheet. 
6. Place the cores in the humidity cabinet @ 20°C ±2°C and 90% RH. 
7. After 24 hours, remove the moulds from the humidity cabinet and then remove 
the samples from the plastic moulds using core demoulding equipment (Figure 
20). If the samples are to be tested for 1 Day strength, they can be analysed 
straight away. If a longer curing time is required, place the samples In a plastic 
bag and seal with a vacuum packer (Figure 18). This removes the air and seals 
the bag. 
8. Replace sealed samples into the humidity cabinet for the required curing time. 
Figure 18 Vacuum packer Figure 19 Humidity cabinet 
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Figure 20 Sash clamp with demoulding bars 
3.5.3 Core testing tolerance 
The cores need to be measured at the required time interval; the following guidelines 
should be used. 
Table 9 Core testing tolerance 
Test Age Permissible Tolerance 
24 hours + 0.5 hours 
3 Days 2 hours 
7 Days 6 hours 
28 Days 20 hours 
3.5.4 Zwick 030 operation 
1. Call up the required program on the computer system and feed in the 
parameters, i. e. sample type, mixture content and sample diameter using digital 
vernier callipers 
2. Place the cores between the compression plates and allow the plates to reach 
the top of the core. The computer software automatically stops the test at this 
point and automatically works out the length and the cross sectional area of the 
core. 
3. Continue the experiment until the core reaches failure. Repeat again with the 
second and third cores and print out results. Keep fractured material for further 
tests. The strength results are presented in MegaPascals (MPa) or 
Newtons/mm2 (N/mm2). 
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Figure 21 Zwick 030 compressive strength 
3.5.5 Observations and Trouble Shooting 
The preparation of sample cores for strength development testing required a large 
amount of pre-experimental preparation and equipment design, primarily core sample 
preparation and removal. The Zwick 030 carries a 50Kn test cell, but the frame could 
only support strength testing to a maximum of 30 Mpa (hence the code 030). Initially, 
72mm by 36mm cores were used. This gives a surface area of approx 1000mm2. 
Using these cores therefore gives a maximum strength that could be tested of approx 
30 N/mm2 or 30MPa (30000/Area), which led to problems in measuring the control 
samples (i. e OPC or OPC/sodium silicate samples). Using cores with a smaller 
surface area allowed an extension to the analytical range of the Zwick 030. Using core 
of dimension 42mm by 21 mm (2: 1) extended the maximum to 87MPa and cores of 
dimension 30.5mm by 30.5mm (1: 1) extended the range to 41 MPa. Although concern 
was expressed with regard to the reduction in core size, this was the only option 
available at the time. Samples were compared between the new cores and analysis 
was carried out in triplicates. 
Initially the only core moulds available in the laboratory were a range of metal 
cylinders. These proved to be problematical to use due to the reaction of the sample 
mix with the cylinders walls and the difficulty of sample removal. Metal cylinders were 
replaced with plastic pipes purchased from a local plumbing supplier. These were 
prepared by cutting to the required length using a lathe to create a flat surface on the 
end of the cylinders. Plastic cylinders are used due to the ease in which the solid core 
can be later removed for analysis. The addition of grease to the top and bottom of the 
mould edges forms a watertight seal to stop water from escaping during the initial set 
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and strength development. Perspex sheets are used to seal the cylinder ends (Figure 
14). 
After the sample mix has been placed into the core moulds, they were vibrated for 2 
minutes. Since a vibrating table was not available, a sieve shaker was adapted to 
allow core vibration (Figure 16). To remove the solid cores, a combination of metal 
bars and cylinders were fabricated to fit the dimensions of the plastic moulds (Figure 
17). A 'sash clap' was adapted to allow the metals bars to slide the solid cores out of 
the plastic moulds (Figure 20). This proved a very effective method of removing solid 
cores from the moulds. All samples core were stored in a humidity cabinet until the 
required curing period had elapsed. At the beginning of the experimental program, the 
humidity cabinet suffered intermittent faults which took several months to fix. To 
ensure a moist environment around the core, they were sealed in plastic bags under 
vacuum to stop any water loss. This was achieved by using a simple 'sandwich 
vacuum packer' (Figure 18). Cores were removed from the bags when testing was 
required. 
3.6 Analysis of free water 
The crushed sample from the analysis of Unconfined Compressive Strength can be 
used to test for free water. This involves drying the fractured material in a vacuum 
oven to a constant temperature and determining the loss of uncombined water. A 
vacuum is required to reduce the affect of carbonation as the sample dries so that the 
samples could be used for microstructural investigations. 
3.6.1 Apparatus 
" Vacuum Oven -A Heraeus VTR 5036 Vacuum Oven (Figure 22) operating at 
60°C ± 5°C 900 mbar pressure. 
" Various evaporating dishes. 
"A two decimal place balance. 
3.6.2 Method 
1. Take the fractured sample and place in a pre-weighed evaporating dish. Weigh 
contents and determine exact weight of sample. 
2. Place in a vacuum oven and turn on compressor to start removing the air inside 
the oven. Turn on oven and set to required temperature. The samples should 
be left over night to dry. 
3. Remove samples after 16 hours of drying and place in a desiccator to cool. 
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Figure 22 Vacuum oven 
4. Re-weigh sample and determine the loss in weight and report results as a 
percentage of free water within the sample. 
5. The drying cycle should be repeated until a constant weight is obtained. 
3.6.3 Observations and trouble Shooting 
Drying under a vacuum was used so that the dried material could be retained for 
microstuctural investigations. This process was later discarded and replaced with a 
freeze drying technique (see section 3.7). This method allows the sample to be dried 
under a higher vacuum without the use of heat to remove the water. Elevated 
temperatures can lead to acceleration of the hydration process in the solid mass which 
could distort the results of the microstructural investigations. 
3.7 Sample preparation for SEM, ANC and MIP 
After all the different materials have been added together to form a solid mass, a 
number of experiments require further sample preparation before analysis can 
continue. The solid material is reduced to 'lumps' approx 1cm2 before being freeze 
dried to remove all free moisture and then sent for SEM analysis, reduced in size 
further for MIP investigations or ground to 150µm for ANC tests. Freeze drying before 
size reduction reduces the effect of carbonation when surfaces are exposed to the 
atmosphere. If moist samples are ground, there is an immediate formation of calcium 
carbonate that can alter the internal structure and fill pores with precipitate [Lange et 
al, 1996]. This process would however occur naturally in the environment but over a 
longer time period since CO2 would take a long time to travel throughout the solid 
mass. The highest rate of carbonation will occur under partial saturation due to the 
77 
much faster diffusivity of CO2 in air than in water (Figure 23 adapted from Sloot, 
Heasman and Quevauviller, 1997, p 22). 
3.7.1 Apparatus 
" Hard plastic mallet. 
" Plastic Dishes. 
" Freeze Dryer (Figure 24) 
3.7.2 Method 
1. Samples left over from set time investigations are cured in the humidity cabinet 
for the required time. 
2. Initial size reduction is carried out with a hard plastic mallet. 
3. Sample 'lumps' are placed in plastic dishes (plastic Is used in case the 
container freezes to the inside of the dryer walls, glass would crack or shatter) 
and then placed straight into the freeze dryer. 
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Figure 23 Transport of CO2 Into Solidified Mass 
3.7.3 Freeze drying operation 
1. Switch on Freeze Dryer and Vacuum pump. 
2. Allow temperature to drop to - 40°C and place samples in chamber. 
3. Close chamber and release pressure valve to allow the chamber to be under 
vacuum. 
4. Leave for 24 hours. 
CO, 
UrwRuatid 
ox m Maas Transport 
Fad Rmction) 
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5. Release vacuum and inspect samples for signs of moisture (samples will feel 
cold if moisture is present). 
6. Remove samples and switch off dryer to defrost. 
3.7.4 Observations and trouble shooting 
Checks were carried out on the freeze-dried samples to ensure complete water 
removal had been achieved. A number of the 'chunks' were weighed and replaced in 
the freeze dryer to investigate further water loss. Constant weight was confirmed after 
the second freeze drying period and a 24 hour freeze drying period was deemed to be 
acceptable. 
Figure 24 Freeze dryer 
3.8 Analysis for acid neutralisation capacity (ANC) 
The ANC determines the buffering capacity of the sample with increasing additions of 
nitric acid. The results obtained provide information on the pH change of the system 
with regard to the milliequivalents of acid added to the sample. The following method 
was developed from the methodology in EPS/3/HA/7,1990. 
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3.8.1 Apparatus and materials 
" Pestle and Mortar 
" ASTM No. 100 (150µm) sieve (Figure 9) 
" Sieve Shaker - Octagon 200 Test Sieve Shaker 
" Balance - Two decimal place. 
" Rainin (10ml) Electronic Dispensing Pipette - Figure 25 
" 50ml Polypropylene Centrifuge Tubes with screw tops - Figure 25 
" Rotary Extractor (Figure 27) - Rotating speed of 30rpm ±2 
" Centrifuge - WIFUG 2000E - Figure 26 
" pH meter and electrodes (Figure 30) - The pH meter should be calibrated using 
4,7 and 10 pH buffer solutions 
" 2N HNO3 
" 4N HNO3 
" Distilled Water 
" pH Buffer Solutions 
3.8.2 Sample preparation 
1. Take a portion of the dried sample and reduced in size by grinding using a 
pestle and mortar. Place the ground material in to the sieve and allow shaking 
to occur for 10 minutes. 
2. Collect the ground material that passes through the ASTM No. 100 sieve and 
store in sealed containers. 
Figure 25 Electronic pipette and sample tubes 
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3.8.3 Acid addition schedule determination. 
1. Take six centrifuge tubes and label accordingly. 
2. Weigh out 5.00g ± 0.2 of the ground sample into each tube and add the 
required amount of nitric acid and water according to the schedule in Table 10. 
3. Shake contents of tube manually until contents appear mixed. 
4. Place centrifuge tubes in the rotary extractor and allow tumbling for 24 hours. 
After removing the tubes from the rotary extractor, centrifuge each tube for 15 
minutes at 7000rpm. 
5. Measure the pH of the supernatant for each tube and record the value and the 
room temperature. 
6. Choose the schedule of acid addition (Table 11) by using the same number as 
the test tube with the lowest number in which the final pH of the supernatant 
was less than 3 
Table 10 Initial acid addition schedule 
Tube 
(Schedule) 
1 
2 
3 
4 
5 
6 
4N Nitric Acid (ml) Distilled Water (ml) Meqv Acid/g Sample 
5 
10 
15 
20 
25 
30 
25 4.0 
20 8.0 
15 12.0 
10 16.0 
5 20.0 
0 24.0 
a, ptw": -T. . 
Figure 26 Centrifuge - WIFUG 2000E & Internal view 
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Table 11 ANC acid addition schedule 
Tube 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
S2 S4 S6 
4N HNO3 Water 4N HN03 Water 4N HNO3 Water 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
30 
29 
28 
27 
26 
25 
24 
23 
22 
21 
20 
Figure 27 Rotary extractor 
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12 
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12 
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3.8.4 Measurement of acid neutralisation capacity. 
1. Label 11 centrifuge tubes with a sample identification number from 0-10. 
2. Weight out 5.00 ± 0.02g of the ground sample into each tube. Then using the 
electronic dispensing pipette, measure out the required amounts of 4N HNO3 
and distilled water for each tube as indicated in Table 11 (n. b. Table 11 shows 
three examples of possible schedules). Shake each tube until contents are 
mixed. 
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3. Place the tubes in the rotary extractor and allow tumbling for 48 hours ± 0.5 at 
room temperature. After removing the tubes from the tumbler, centrifuge at 
7000 rpm for 15 minutes. 
4. Measure the pH of the supernatant in each tube and record the value. The 
results should then be plotted for pH against Meq/g of dry sample. 
5. The supernatant can be retained for metals analysis. 
N. B. Millequivalents are equal to millimoles divided by the valency of the compound. 
For Nitric acid, 2N is equal to 2000 millimoles/litre, 4N is equal to 4000millimoles/litre. 
Since Nitric acid has no valency, Meq is equal to millimoles. According to the method, 
30 cm3 of 4N Nitric acid is equal to 24 meq per g of dry solid. The amount of millimoles 
or Meq added is 120. Since 5 grammes of solid is used, this equates to 24 Meq. 
3.8.5 Observations and trouble shooting 
A method of mixing the ANC tubes by end-over-end agitation was not available within 
the laboratory at the beginning of the research program. Extensive investigations were 
made to purchase the required equipment, but since it was not possible to purchase 
the required apparatus, the RE instructed the Ineos Silicas workshop to build the 
required apparatus from a design developed by the RE. The extractor was designed 
so that large bottles could be placed inside the cage and smaller tubes could be 
attached to the outside giving a mutli-purpose instrument meeting all the requirements 
at a fraction of the cost. During the experimental program, the centrifuge used for ANC 
investigations acquired a terminal fault. This led to the alteration of the method 
involving the separation of the remaining solid material by vacuum filtration (Figure 28). 
Comparisons of results between centrifuge separation and vacuum filtration were 
carried out on controls and no observable differences were noted. 
3.9 Monolith leaching test 
The investigation of contaminant loss from the solid waste form can be achieved by 
monolith leaching tests. The basic principle involves taking a block of the solid waste 
form and subjecting the solid to a leaching fluid which is periodically replaced. The 
method used is an adapted version of the ANSI/ANS-16 test [ANSI/ANS-16,1986] and 
involves attacking a solid block of waste with different concentrations of nitric acid over 
a 64 day period. 
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Filtrate 
Figure 28 Vacuum filtration 
3.9.1 Apparatus and materials 
"1 litre Plastic containers. 
" Filter papers. 
" Buchner funnel set up (see Figure 28). 
"2 decimal place balance. 
"4 decimal place balance. 
" De-ionised water. 
" Nitric Acid. 
" De-ionised water. 
" 0.01 M Nitric acid leaching solution. 
" 0.1 M Nitric acid solution. 
"1M Nitric acid solution. 
3.9.2 Method 
1. Weigh a monolith block of the solidified waste (cylinder core 30.5 mm x 30.5 
mm - liquid/solid ratio approximately 30. 
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2. Place into a1 litre plastic container. 
3. Add required leaching solution. 
4. Seal container and leave for 24 hours. 
5. After 24 hours, remove leaching fluid and filter through Buchner funnel. 
6. Retain filtered solution for total dissolved solids, pH and metals analysis. 
7. Add fresh leaching fluid to the I litre container and seal. 
8. Repeat process according to the following schedule. Fluid replacement at 1,2, 
4,8,16,32, and 64 days. 
9. After the last leach period, remove remaining solid and weigh 
The results from the monolith leach test provide information from solid form breakdown 
(material on filter after filtration), dissolved solids (from TDS test) and metal release 
from the solid form. Metal release is plotted as cumulative release against time. 
3.9.3 Observations and trouble shooting 
The monolith leaching procedure was developed using samples from cores developed 
for strength analysis. Different and more concentrated leaching fluids were used to 
determine solid form breakdown under aggressive conditions and to allow a detectable 
amount of contaminant release available for analysis. An improved approach would be 
to use larger cores or a smaller leaching fluid ratio to allow a greater concentration of 
contaminant release and better limit of detection. 
3.10 Total dry solids 
The remaining solid and liquid can be separated with the solid material weighed to 
determine solid breakdown and the aqueous phase prepared for metals or anion 
analysis. The liquid/solid mix is filtered through a vacuum filtration system on a pre- 
weighed filter paper. The filter paper can then be dried and reweighed to determine the 
loss of solid during the test. The aqueous portion must be acidified with 1% nitric acid 
if metal analysis is required. 
1. Take a GFC 0.45µm filter paper, wash and dry in oven at 105°C (This 
removes any loose filter paper fibre that may be removed during the 
filtration process) 
2. Carefully label filter paper with number (avoid filter paper damage) 
3. Weigh filter paper on 4 decimal place balance 
4. Place filter paper on Buckner funnel, and filter the solution. 
5. Remove filter paper and dry @ 105°C. 
6. Remove filtrate and acidify portion for metals analysis 
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7. Reweigh filter paper and determine dry weight of solid 
3.11 Total dissolved solids 
The determination of the total dissolved solids of an aqueous solution involves a simple 
technique where a portion of the sample is allowed to evaporate in an oven. The 
remaining residue after heating to dryness is measured and a total dissolved solid 
content determined. 
3.11.1 Method 
1. Weigh a dry, clean evaporating dish on a4 decimal place balance. 
2. Pour approx 75-100 mis of the filtered solution into the dish and note 
weight. 
3. Place evaporating dish and contents in an oven @ 105°C over night. 
4. Remove from oven and place in desiccator to cool. 
5. Reweigh and determine difference in weights to find total dissolved solids. 
3.11.2 Observations and trouble shooting 
Although this appears to be a simple test, problems were observed when calculations 
regarding mass balance were carried out. The results and additional experiments to 
account for these observed discrepancies are discussed in Chapter 7 
3.12 Porosity measurement-MIP 
The determination of sample porosity is carried out by using Mercury Intrusion 
techniques. Mercury porosimetry is an established technique which uses the Washburn 
equation to quantify the relationship between applied pressure and intrusion of mercury 
into cylindrical pores. A Micrometrics Autopore 9220 instrument was used to 
automatically generate a pore size distribution from which pore volume can be 
calculated within specified pore diameter limits. 
3.12. lApparatus and method 
" Pestle and Mortar 
" Micrometrics Autopore 9220 (Figure 29) 
1. The dried sample prepared using the freeze dryer is crushed to form 0.5cm2 
blocks. These samples are then sent for analysis at INEOS Central Analytical 
Department (See Appendix 2- Determination of Pore Size Distribution and Pore 
Volume by Mercury Porosimetry). 
86 
2. The returned results can be plotted to show cumulative pore volume and 
incremental pore volume 
3.12.2 Observations and trouble shooting 
It is possible that during the test, the actual intrusion of mercury into the sample may 
cause sample breakdown producing false readings. With this problem in mind, an 
intrusion/extrusion/intrusion method was used on some of the samples to determine 
solid form breakdown during the analysis. 
3.13 Determination of pH for solid samples 
The majority of additives, binders and waste materials are in a solid form. The pH of a 
solid can be determined by a number of methods using different amounts of solid. The 
solid material is mixed with water for a set time and the supernatant is tested for pH. 
3.13.1 Apparatus 
" 50m1 Polypropylene centrifuge tubes with screw tops (Figure 25). 
" Rotary Extractor (Figure 27) - Rotating speed of 30 rpm ±2. 
" Centrifuge - WIFUG 2000E (Figure 26). 
" pH meter and electrodes - The pH meter should be calibrated using 4,7 and 10 
pH buffer solutions (Figure 30). 
Figure 29 Micrometrics Autopore 9220 
3.13.2 Method 
The method for pH of solid measurements is adapted from `The Determination pH for 
Silica's' (see Appendix 2). 
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1. Weigh out 5.00g ±0.01 of solid material into a centrifuge tube. 
2. Add 50mis of de-ionised water, secure top and shake to ensure mixing of solid 
and liquid. 
3. Place centrifuge tube on rotary extractor for 1 hour ±60s and place in a 
centrifuge for 10 minutes at 7000rpm. 
4. Remove centrifuge tube from centrifuge and decant supernatant for pH 
analysis. 
Figure 30 Hanna pH meter 
3.14 Determination of total carbon 
The total carbon content of the sample is converted to CO2 at high temperature using 
an induction furnace. The CO2 together with the 02 carrier gas is passed through a 
CO2 detector from which the total carbon is the calculated and displayed (see 
Appendix 2 Determination of the Carbon Content of Silianised Silica by Leco 244 
Analyser, INEOS Warrington - Methods of Analysis). 
3.14.1 Apparatus 
" Hammer Mill. 
" Oven Temperature 105°C t2°C. 
" ASTM No. 100 Sieve 
" Sieve Shaker. 
3.14.2 Sample preparation 
1. Take a portion of the solid material required and dry in an oven for 24 hours at 
105°C. 
2. Grind the dry material using a hammer mill and pass through ASTM No. 100 
sieve. 
3. Place the ground material in a suitable container and label for analysis for Total 
Carbon. 
4. Returned results are displayed as percent of original material. 
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3.15 Determination of bulk density 
The bulk density of powdered material used is determined by weighing a fixed volume 
of solid material. The method is adapted from 'Determination of Bulk Density by 
Measuring Cylinder', INEOS Warrington - Methods of Analysis (see Appendix 2). 
3.15.1 Apparatus and method 
" Measuring cylinder of known volume. 
" Balance - Two decimal place. 
1. Weigh the measuring cylinder. 
2. Fill the cylinder with the powdered material to the top. Scrape top layer to 
remove excess material. 
3. Weigh the measuring cylinder and contains and determine weight of solid 
material. 
4. Determine bulk density using the equation in Appendix 2- Determination of 
Bulk Density by Measuring Cylinder. 
3.16 Loss On ignition (L. O. I. ) 
A sample is heated to 1000°C in a muffle furnace and the loss is determined by the 
difference in weight before and after the test. This method is adapted from 
'Determination of the Percentage Total Volatile Matter at 1000°C' (see Appendix 2). 
3.16.1 Apparatus 
" Muffle Furnace -1000°C (Figure 31) 
" Porcelain Crucibles. 
" Balance. -4 decimal place 
3.16.2 Method 
1. Take a porcelain crucible and determine the weight using a four decimal place 
balance 
2. Weigh out the approx. 1-2g of sample into the crucible and determine the 
weight. 
3. Place a lid on the crucible and place into the muffle furnace and raise the 
temperature to 1000°C for 1 hour. 
4. Remove the crucible after the require time and allow to cool 
5. Reweigh the crucible and determine the loss in weight as a percentage 
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Figure 31 Muffle furnace 
3.17 Sorptivlty tests 
Moisture transport in porous media plays an important role in a wide variety of 
processes of environmental and technological concern, such as the spread of 
hazardous wastes in the ground. Permeability tests have often been used with 
sophisticated high pressure cells to determine the movement of fluids through a solid 
(porous) media. These tests can incur a high analytical expenditure, so simpler tests 
have been devised to investigate fluid movement as a function of the capillarity of the 
solid mass. One such test is the measurement of fluid sorption or sorptivity which 
simply investigates the movement of fluid as a function of the capillary suction of the 
solid mass. Sorptivity tests, which directly measure the rate of capillary sorption, such 
as the Covercrete Absorption Test (CAT) [Dhlr, Hewlett and Chan, 1987] and the 
Initial Surface Absorption Test (ISAT) [Levitt, 1971], typically fit the total water uptake 
to the following equation; 
W/A = St112 + So (11) 
Although researchers in the field have formulated the equation in a number of ways 
[Hall, 1994; Marlys and Ferraris, 1996; Mette at al, 1995, Rilem Report 12], the 
principle remains the same in all sorptivity investigations. W is the volume of water 
absorbed, A is the sample surface area exposed to water, S is the sorptivity coefficient, 
t is time and So is a correction term added to account for surface effects at the time the 
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specimen is placed in contact with the water. S is defined as the slope of W/A against 
t1 with units of mm/min112. W/A is often referred to as i [Hall, 1994]. 
The initial starting conditions with regard to saturation of the solid form are important; 
the rate of capillary sorption will depend on the degree of saturation of the porous 
medium [Hall, 1995]. While hydration will reduce the typical pore size in the cement 
paste matrix, slowing the sorption of water, leaching opens up pores, making them 
larger and more connected such that capillary sorption could be enhanced. However, it 
has not been quantitatively demonstrated how such alterations of the pore structure 
affect a materials' sorptivity. In addition, the dissolution of salts may reduce the rate of 
capillary sorption [Sosoro and Reinhardt, 19961. Sorptivity experiments are usually 
confined to a few hours where simple sorption theory implies that capillary pores 
dominate the sorption process and at later stages, gel pores limit the rate of flow. 
However, it is quite possible that, at later stages, the ingress of water may be controlled 
by a moisture diffusion process as well [Xi et al, 1994]. 
The sorptivity test used involves placing a block of the solidified waste form in a tank of 
water placed on a stack of filter papers. The filter papers stop water from infiltrating the 
solid block from the edges and ensures capillary suction only occurs at the bottom 
surface to the solid. 
3.17.1 Apparatus 
" Core mould (120mm x 40mm approx) (Figure 32) 
" Core Mould Clip 
" Filter Papers 
" Seed Tray 
" Balance - 2dp 
3.17.2 Method 
All sample mixes were prepared according to section 3.2 (Mixing of binders and 
additives) and poured into a core mould (Figure 32). After the mix achieved set, the 
sample was removed from the mould by undoing the metal ring and clip and placed in 
a humidity cabinet @ 20°C ±2°C and 90% rH. for 56 days. 
1. For the final 6 days of curing, place the samples in a sealed plastic box with a 
saturated solution of sodium chloride on a tray in the bottom to reach 75% RH. 
2. Allow conditioning until a constant weight is acquired in the solid samples. 
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3. Place the solid samples in a tray on a pack of filter papers with a layer of 
distilled water that does not exceed the base of the sample. Make sure a 
constant humidity is kept at all times. Keep water topped (Figure 33). 
4. Weigh the samples every 10 mins for the first hour, then 15mins for the second, 
then each hour. or 2 hours depending on weight gain. Reweighing once a day 
will be sufficient until rate of maximum weight gain is achieved. 
5. At the end of the test, saturate the solid sample under vacuum to determine the 
saturation of the solid and then dry @ 60°C to determine the weight of the 
unsaturated solid. 
6. Calculate surface area and plot water absorbed/surface area against the time 
function (min'/2). The slope of the graph produces the sorptivity S. 
3.17.3 Observations and trouble shooting 
A sample mould had to be made from a drainpipe sliced down the side for sample 
removal. A circular metal clip was used to hold the cut pipe together until the sample 
mix had set. A number of problems occurred during the test, principally with regard to 
the determination of the saturation and dry weight of the solid form. These 
observations and test results are discussed in Chapter 7. 
Figure 32 Sorptivity sample mould and clip 
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Figure 33 Sorptivity sample under test conditions 
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4.0 Instrumental analytical techniques 
4.1 Introduction 
A large number of instrumental analytical techniques were utilised throughout the 
research. The majority of which were available with the CAD department although 
some instrumental methods were sourced externally. The following outlines the 
different instruments used and their ability to detect the analyte under investigation. 
Additional information on the analytical techniques used, theory and operation and the 
appropriate references can be found in Appendix 3. 
4.2 Ion Chromatography (IC) 
Chromatography is a separation technique in which substances are separated by 
mobility differences created by the distribution difference between a stationary phase 
and a mobile phase. The stationary phase can be a solid, a gel, or a liquid film. The 
mobile phase is usually a gas or a liquid although recently the mobile phase can be a 
supercritical fluid. Substances spending most of the time distributed in the mobile 
phase will elute from the chromatography column first, and substances distributed in 
the stationary phase will elute later. 
4.2.1 Methodology 
The IC instrument used in the laboratory is a Dionex 100 Ion Chromatograph equipped 
with an lonpac AS4A-SC column for the anions: fluoride, chloride, nitrite, bromide, 
nitrate, phosphate, and sulphate. The samples are presented in the aqueous form, 
which may require filtration, dilution, and/or cleaning to remove interferences. As well 
as standard solutions, internal standards are used to check the calibration and validity 
of the results along with selected duplication of samples under investigation. IC was 
used for the analysis of chloride only. 
4.3 Inductively Coupled Plasma Atomic Emission Spectroscopy 
There are a range of analytical instruments that are available to analyse liquids for 
metal concentration. Within the Central Analytical Department (CAD) at INEOS Silicas, 
both Flame Atomic Absorbtion (FAAS) and Inductively Coupled Plasma Atomic 
Emission Spectroscopy (ICP-AES) are techniques often used for metals analysis, but 
due to availability and time constraints, all metals analysis for the research were carried 
out using ICP-AES techniques only. The ICP used is a Varian Liberty II sequential 
instrument. 
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4.3.1 Sample preparation 
Samples for introduction into the ICP torch are required to be in an aqueous form. For 
solid analysis, a digestion procedure is used to breakdown and release any metals 
within the solid. This can be achieved by using strong nitric acid or if complete 
digestion is required, a combination of Hydrofluoric and Nitric acids. All solid samples 
for metals analysis using ICP were prepared using a HF digest. All samples already in 
an aqueous form are acidified with 1% nitric acid before analysis or storage. 
4.3.2 Calibration standard and analytical quality (AQC) controls 
Before samples analysis can be carried out, calibration standards and analytical 
control samples need to be prepared. This preparation must be carried out with care 
using certificated concentrated metal standards diluted to the required concentration 
using grade 'A' glass pipettes and volumetric flasks. Different glassware and 
concentrated standards are used to prepare AQC's to eliminate any errors that may 
appear in the calibration standard preparation process. Calibration standards and 
AQC's in mg/I are presented in Tables 12 and 13. AQC's are prepared at 20 and 80% 
of the calibration standard. All results from analytical controls are plotted on quality 
control graphs and presented in Appendix 4. If there is a 3s breach or two consecutive 
2s breaches, the instrument is recalibrated and the samples repeated. 
Table 12 Analytical standards for metals analysed (mg/1) 
Al Ca Na K Fe ' Cr Cu Ni Pb Zn 
Std1 10 10 10 10 10 55555 
Std 2 50 50 50 50 50 10 10 10 10 10 
Std 3 100 100 100 100 100 50 50 50 50 50 
Table 13 Analytical quality controls for metal analysed (mg/1) 
Al Ca Na K Fe Cr Cu Ni Pb Zn 
AQC 1 20 20 20 20 20 10 10 10 10 10 
AQC 2 80 80 80 80 80 40 40 40 40 40 
4.3.3 Method development 
A method for each individual element to be analysed has been developed by the 
INOES Silicas Central Analytical Department. Element emission wavelength lines are 
chosen to give the highest energy intensity unless interference with another element 
exists. If this occurs, the next best line is chosen. Limits of detection have been 
investigated for every element under investigation (Table 14 values in mg/I). A safety 
95 
factor of 10 has been used so that the limits of detections quoted are guaranteed 
values although it may be possible to achieve values 10 times lower. 
Table 14 Limit of detection of metals analysed (mg/1) 
Al Ca Na K Fe Cr Cu Ni Pb Zn 
0.1 0.1 0.1 0.1 0.1 0.01 0.01 0.01 0.01 0.01 
Initially, if the metal concentrations in the sample under investigation are not known, a 
semi-quant analysis can be performed. This method uses a mixed standard of 20 
different elements at 10 mg/I. The results have a degree of error approximately 20%. 
The elements of interest can be then selected for further investigation as single 
element analysis if required. Standard operating procedures and additional 
information can be found in Appendix 3. 
4.4 Mercury Intrusion Porosimetry (MIP) 
Mercury Intrusion Porosimetry is an established analytical technique for investigating 
the internal pore volumes of solid materials. E. W. Washburn first described the 
behaviour of a nonwetting liquid about a porous object in 1921 [Washburn, 1921], and 
the foremost basic equation bears his name. The equation is directly applicable with 
mercury, the only known liquid really suitable for porosimetry-type measurements. 
Theory and applications with the standard method of operation can be found in 
Appendix 3. 
4.4.1 Sample preparation 
The heating of cementitious samples can lead to thermal (expansion) cracking and 
accelerate hydration reactions which can alter the internal structure of the solid mass. 
Fluid removal by preparing samples in a freeze dryer allows the sample to be tested in 
a dry state with little internal structural damage. The sample size used in all 
experiments is operator defined but tends to be approximately 0.5 cm2 lumps. 
4.4.2 Advantages and limitations of mercury porosimetry 
Mercury porosimetry is a relatively rapid method, with which a wide pore diameter 
range (3 nm - 400µm) and variety of porosity parameters can be determined. The 
measurement itself is automatic, which allows personnel to engage other work at the 
same time. With the method, only pores that reach the surface of the sample can be 
determined. The sample must be dry, because mercury cannot intrude into the sample 
when voids are filled with another liquid. Samples with a fine pore structure are difficult 
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to degas, and adsorbed layers reduce effective pore diameter and pore radius values 
[Allen 1997]. 
During measurement, high pressures to force mercury into small pores may compress 
the sample [Allen 1997, Webb & Orr 1997]. This effect can be shown especially in 
samples containing closed pores [Webb & Orr 1997], and is observed as a too large 
volume of small or medium sized pores. Structural failure could give false results 
especially when high pressures are involved. One way to determine if any structural 
change occurs during the intrusion process is to carryout a second intrusion and 
determine the differences in the final results. A number of analysis were therefore 
carried out using an intrusion-extrusion-intrusion method. In addition to compression of 
sample, also mercury, the sample cell or residual air may be compressed with 
increasing pressure [Allen 1997]. These compressional effects and the effect of a rise 
in temperature [Brakel at al. 1981] can be eliminated with the use of hydraulic oil as a 
medium for transferring pressure. 
Mercury porosimetry overestimates the volume of the smallest pores [Auvinet & 
Bouvard 1989]. This is due to ink-bottle shaped pores [Allen 1997] and 
interconnected pores that shift the volume pore size distribution towards smaller pores. 
The diameter of the pore opening into the surface of the sample determines when 
mercury is intruded into the sample. Large pores with a small opening are thus filled at 
high pressures, and detected as smaller pores than they actually are. Pore size 
distributions obtained with incremental and continuous mode differ [Allen 1997], and 
the results obtained with these two methods are thus not comparable. In incremental 
mode, the pressure is increased in steps. In continuous mode, the pressure is 
increased continuously at a predetermined rate. 
Non-capillary pore structure and limitations of the Washburn equation in determination 
of the smallest pores are the reasons for the differences between pore size 
distributions determined with mercury porosimetry and nitrogen adsorption [De Wit & 
Scholten 1975]. However, total pore volume and pore surface area results are not 
dependent on pore shape [Rootare & Prenzlow 1967], and the shape of pore size 
distribution is not remarkably different from the true distribution in spite of the 
assumption of a circular cross section of the pores [Ritter & Drake 1945]. It has been 
suggested that MIP will not measure the finest, or gel porosity commonly found in 
cementitious materials [Glasser, 1993], but other researchers have suggested that the 
smallest gel pores are approximately 0.01 pm in diameter which is well in the analytical 
range for MIP techniques [Cocke and Mollah, 1993]. If MIP cannot detect gel 
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porosity, this factor is not deemed important, as pore diameters below 1 nm are not 
involved in the transport of potentially leaching fluids. 
4.5 Particle size distribution 
The principle behind particle size investigation involves providing information on the 
size distribution of a solid material from the smallest known particle size to the largest. 
The amounts of the solid that fall in specified size ranges are plotted to give a size 
distribution graph. Particle size distributions of solids can be measured by a number of 
techniques, which include microscopy, sedimentation, electrozone sensing, laser 
diffraction and the basic use of sieves. Most recently, the use of laser diffraction has 
become an established technique within the field of particle size analysis, the Malvern 
Mastersizer 2000 being the principle instrument used within the laboratory employing 
this technique. When a particle passes through a laser beam it causes light to be 
scattered at an angle that is inversely proportional to its size. A detector collects the 
scattered light and analysis of the ensuing diffraction pattern enables calculation of the 
size distribution of particles in a given sample. Within certain limits, the scattering 
pattern of a group of particles is identical to the sum of individual scattering patterns of 
all the particles present. Although a large range is produced, the principle values used 
are D10 (e. g 10 % of particles below specified diameter), D50 and D90. All results can 
be used to create a size distribution profile. Additional information on the theory an 
application with the standard operating procedure can be found in Appendix 3. 
4.6 Scanning Electron Microscopy (SEM) 
In light microscopy, a specimen is viewed through a series of lenses that magnify the 
visible-light image. However, the scanning electron microscope (SEM) does not 
actually view a true image of the specimen, but rather produces an electronic map of 
the specimen that is displayed on a cathode ray tube (CRT). Electrons from a filament 
in an electron gun are beamed at the specimen in a vacuum chamber. The beam 
forms a line that continuously sweeps across the specimen at high speed. This beam 
irradiates the specimen which in turn produces a signal in the form of either x-ray 
fluorescence, secondary or backscattered electrons (BSE). Backscattered electrons 
are primary electrons emitted as a result of elastic collisions with specimen electrons. 
BSE emission intensity is a function of the specimen's atomic number; i. e., the higher 
the atomic number (e. g., Fe(26) vs. Mg(12)), the brighter the signal. BSE images are 
obtained in exactly the same way as Secondary Electron Images. To collect electrons, 
the backscatter detector moves under the lens so the electron beam can travel through 
the hole in its centre. The backscattered electron image contains two types of 
information; one on specimen composition and the other on specimen topography. 
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The generation region of backscattered electrons is larger than that of secondary 
electrons, namely, several tens of nm. Therefore, backscattered electrons give poorer 
spatial resolution than secondary electrons, but because they have a larger energy 
than secondary electrons, they are less influenced by charge-up and specimen 
contamination. 
4.6.1 X-Ray microanalysis - quantitative compositional information 
When the beam interacts with the sample, energy is released in the form of radiation 
over a variety of wavelengths. This energy results from beam electrons ionising the 
inner electron shells of an atom. When the excited atom relaxes, i. e., an outer electron 
filling the inner shell, radiation is released which is characteristic of the atom's electron 
shells' energy levels. The portions of radiation in the X-Ray part of the spectrum are 
referred to as 'Characteristic X-rays'. The technique is called energy dispersive X-ray 
analysis (EDXA). The X-rays generated are collected and plotted as a spectrum. Each 
peak on the spectrum represents a transition with a characteristic energy - every 
element has its own "fingerprint" of peaks so we can deduce which elements are 
present. It is possible to calculate absolute concentrations of individual elements by 
comparing spectra with others collected from samples of known composition. Not all 
X-rays are characteristic of the elements present in the specimen; many belong to the 
background continuum generated as the beam electrons slow down when they hit the 
sample. 
4.6.2 X-Ray Maps - Area compositional data 
Maps of qualitative concentration for multiple elements can be generated using the 
SEM. The electron beam is scanned across the sample, stopping at regular intervals 
to count the number of X-rays within a predefined energy window arriving at the 
detector. For example, X-rays which fall in the window (1.64-1.84) may be used to 
map Silicon (SiKa - 1.74). The number of counts at each stop (pixel) can then be 
displayed as a map. By maximising the number of points at which X-rays are counted, 
and by scanning the beam many times over the sample, high resolution maps can be 
produced which pick out concentration differences not detectable using backscattered 
electron images. 
4.6.3 Sample preparation 
Previous specimen preparation for SEM have been mostly on fractured surface 
mounts, although doubts have been made raised as to the representative of the 
surfaces produced [Diamond and Bonen, 1993]. After the required curing time, 
samples are freeze dried and then impregnated in ultra low-viscosity epoxy mixture, 
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evacuated, and oven dried cured at 95°C for about 3 hours. The samples are then 
sliced using a diamond saw and fixed into a resin block or disc. The surface is 
polished using successively finer grades of diamond bound grit down to 15µm. Final 
polishing involves using a 3-1 µm diamond cloth. The final sample produced has a flat 
polished surface which can then be coated if required. The sample is viewed in the 
back-scattered mode since no topographic information can be gathered from the flat 
surface and data gathering requires compositional information for elemental mapping. 
4.6.4 SEM operation 
The SEM used for this investigation is a JEOL JSM-5310LV using a 20kv accelerating 
voltage which is equipped with an Oxford energy dispersive X-ray spectrometer. Once 
the sample has been placed in the SEM chamber, images and x-ray analysis 
information can be collected via computer controlled instrumentation. The quality of 
the information produced is controlled by the operator and therefore, requires a large 
degree of experience to attain a sufficient level of operator efficiency. Focusing, 
magnification, contrast and brightness are all user controlled to produce a detailed 
image controlling these parameters requires an experienced eye. The problems 
associated with SEM are mainly due to poor contrast and sharpness, instability, 
general poor quality, noise, distortion and deformation. There are no general operation 
procedures for the use of SEM as the instrument is set up with the appropriate sample 
inside the microscope by a qualified research technician. Focusing, magnification and 
brightness/contrast are all controlled by the research student as required to produce 
the relevant images and elemental information. 
4.6.5 Data interpretation 
The information gathered from the SEM can presented in a number of different forms. 
The basic representation is a BSE greyscale image showing different compositional 
information of the field of view. X-ray probe analysis can deliver an elemental scan of a 
point in the field of view. An X-ray linescan provides elemental information from a 
cross section of the field of view. An elemental map delivers elemental information on 
the whole field of view or the BSE image produced. Back-scattered images are usually 
photographed by one scan of 50 to 100 seconds. However, since the signals for an X- 
ray image per unit time are small, they are often photographed by long-time. If the 
exposure time is not long enough, X-ray images may lack some information on element 
distribution. It is therefore necessary to carefully decide on the exposure time. 
Generally, calculating the X-ray count as approx. 2,500 counts/cm2 gives a good result. 
The elemental information obtained by SEM investigations is presented on a purely 
qualitative basis. No actual concentrations of elements compared to known 
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concentration standards are presented. The elemental results are used to detail the 
possible locations of toxic substances in relation to different mineralogical phases 
within the microstructure of the solid waste form. 
4.7 X-ray fluorescence spectroscopy 
X-ray fluorescence spectroscopy (XRF) is universally recognized as a very accurate 
method of measuring the atomic composition of a material by irradiating a sample with 
high energy photons such as x-rays or gamma rays and observing the resulting x-ray 
fluorescence emitted by the sample. In general, x-ray fluorescence spectrometers 
consist of a source of excitation radiation (an x-ray tube or a radioisotope), a radiation 
detector to detect the stimulated radiation from the sample, and a display of the 
spectral output. Computers often are used to perform analysis of the data. 
4.7.7 Philips PW 2400 WDXRF 
All sample analysis using XRF was carried out at Sheffield Hallam University using a 
Philips PW 2400 WDXRF. This instrument changes crystals for the various elements, 
calculates the overlap of elements within the spectrum and yields results in any form 
desired: qualitative, ratio, quantitative, graphic. The Philips PW 2400 WDXRF is 
capable of measuring all elements from beryllium (atomic number 4) to uranium 
(atomic number 92) and beyond (at trace levels, often below one part per million, and 
up to 100%). Reproducible sample preparation methods are essential. Samples must 
be in a form that are similar to available standards in terms of matrix, density and 
particle size. Powdered samples are often pressed into pellets, suspensions may also 
be analysed. Internal quality procedures are carried out by the university and sample 
duplication was carried out as part of the research. 
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5.0 Binder, additive and waste characterisation 
A basic understanding of the chemical and physical properties of the binders, additives 
and waste materials used in the research can be beneficial when investigating the 
reaction mechanism that occur when they are mixed. Although chemical analysis can 
be expensive and time consuming, it provides evidence on the possible elemental or 
chemical species that are dominant or control the way in which the materials form a 
solid mass. The field of stabilisation/solidification has often forgone expensive waste 
analysis in the past, resulting in an inability to explain the final product and predict the 
long-term behaviour once deposited in the environment. The following discussion 
explains the different materials used, the analytical procedures to characterise the 
binders, additives and waste with the results of the analytical tests. In addition, a 
background into the two waste types to be investigated and the reasons for their 
investigation in this research is provided. 
5.1 Materials 
The initial investigations in the research program involved the mixing of types of 
sodium silicate with a variety of pozzolans and Portland cement. A wide range of 
sodium silicate liquors are manufactured by INEOS Silicas (Crosfield) at the Warrington 
Bank Quay site. In the nomenclature used by INEOS Silicas, each product is defined 
by a number representing its density in degrees Twaddell, along with a qualifying letter 
designating ratio where appropriate. Typical data for the full range is shown in Table 
15. The pozzolan, and OPC materials used were; 
" Pulverised Fuel Ash (PFA) supplied by Ash Resources Ltd, Nottingham UK 
" Ground Granulated Blast Furnace Slag (GGBS), supplied by Appleby Group 
Ltd, North Lincolnshire UK 
" Microsilica (MS), supplied by Elkem Microsilica TM N-4602 Kristiansand S., 
Norway, Metakaolin (MK), supplied by ECC International Ltd, Cornwall UK 
" Rice Husk Ash (High carbon and Low Carbon)(Rha), supplied by Producers 
Rice Mill Inc., Stuttgart, Germany 
" Ordinary Portland Cement (OPC), supplied by Blue Circle Cement, Hope works, 
Derbyshire, UK. 
During the second phase of the research, two waste materials were added to the 
program these being APC residues from municipal solid waste incinerators (APC) and 
a waste material from the mixing of the APC residues with other hazardous wastes 
referred to as metal/organic (MO) sludge. Lanstar CSG Environmental in Cadishead, 
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Manchester, supplied these materials. There are a number of key reasons why waste 
from municipal waste incineration and the product of the current treatment process 
have been used in this research 
Table 15 Typical Range of Sodium Silicates 
Grade Mean Mean Wt Mean Mol Mean Mean Mean Litres 
Density Ratio Ratio Na2O Si02 Tot per 
@ 20°C Si02: Na02 Si02: Na02 Solids Tonne 
°Tw SG % 
C0140 140.0 1.70 2.00 2.06 18.00 36.00 54.0 586 
C0125 125.0 1.62 2.00 2.06 16.55 33.15 49.7 614 
C0120A 120.0 1.60 2.00 2.06 16.07 32.15 48.2 623 
C0120H 120.0 1.60 1.60 1.65 17.98 28.75 46.7 623 
C0112 112.0 1.56 2.00 2.06 15.27 30.55 45.8 641 
C0106 106.0 1.53 2.70 2.79 12.45 33.60 46.1 650 
COIOOA 100.0 1.50 2.00 2.06 14.03 28.05 42.1 664 
COIOON 100.0 1.50 2.25 2.32 13.20 29.70 42.9 664 
C0100S 100.0 1.50 2.50 2.58 12.45 31.10 43.6 664 
C0096 96.0 1.48 2.85 2.94 11.20 31.95 43.2 673 
C0095 95.0 1.47 2.65 2.73 11.50 30.70 42.2 673 
00090S 90.0 1.45 2.82 2,91 10.70 30.17 40.9 691 
C0084 84.5 1.42 3.20 3.30 9.45 30.25 39.7 700 
C0082 82.0 1.41 3.30 3.41 9.07 29.9 39.0 709 
C0079 79.5 1.40 3.30 3.41 8.85 29.25 38.1 714 
C0075 75.0 1.38 3.20 3.30 8.63 27.60 36.2 727 
C0074 74.0 1.37 3.37 3.48 8.25 27.90 36.2 732 
C0070 70.0 1.35 3.30 3.41 8.00 26.40 34.4 741 
C0066 66.0 1.33 3.65 3.78 7.19 26.25 33.4 750 
C0052 52.5 1.26 3.85 2.97 5.75 22.20 28.0 791 
°Tw = 200(SG-1) 
5.2 Waste materials - Source and background. 
In 2002/03, people in England produced 29.3 million tonnes of municipal solid waste up 
from 28.7 million tones in 2001/02,1.4 tonnes for every household, 75% being 
disposed of to landfill [DEFRA 2004]. The majority of municipal waste is biodegradable 
e. g. paper, food and garden waste, which are broken down in landfill sites by micro- 
organisms to form landfill gas - mainly carbon dioxide and methane. These gases 
contribute to global climate change with methane being twenty times more powerful 
than carbon dioxide as a greenhouse gas. Even with modem landfill gas extraction 
and methane recovery systems, the decomposition of this biodegradable waste in 
landfill sites still produced almost one third of the UK's methane emissions 
[Environment Agency, 2002]. 
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In July 2001, as part of a strategy to reduce the impacts of waste management, the EU 
introduced the Landfill Directive. This requires tighter operational standards for landfills 
across Europe, bans some wastes from landfill altogether and, to reduce greenhouse 
gases, sets maximum levels of biodegradable municipal waste that can be land filled in 
2010,2013 and 2020. By 2013 and 2020 only one half and one third respectively of the 
amount of biodegradable municipal solid waste produced in 1995 will be allowed to be 
land filled [Landfill Directive, Council Directive 99/31/EC]. 
While overall waste production appears to be decreasing, the quantity of municipal 
solid waste is increasing (at an annual rate of 3 to 4% over the past five years). If 
municipal waste continues to grow at this rate the annual amount generated will double 
by 2020 and England and Wales will have to divert some 40 million tonnes of municipal 
waste from landfill every year. [Environment Agency, 2002]. 
Progress has been made to reduce municipal waste to landfill. Table 16 shows the 
amounts of municipal waste created and the management options used from 1996 to 
2003. Municipal waste disposal to landfill has reduced from 84% in 1996/97 to 75% in 
2002/03. This reduction is a result in the increase in recycling and composting 
operations that have increased from 7% to 16% during the same timescale. Another 
alternative to disposal to landfill is incineration of waste to create energy. Waste is 
burnt with the resulting heat being used to convert water to steam to drive turbines and 
create electricity. The electricity produced is then placed on the national grid. 
In 2003, there were 12 municipal waste incinerators in England burning approximately 
2.6 million tones of municipal waste [Environment Agency, 2002]. This amount has 
only increased from 7% to 9% of municipal waste produced since 1996/97. A 
significant increase in the amount of municipal waste incinerated would ensure that the 
landfill directive targets are met, however, concerns regarding contaminants produced 
during the incineration process and their effect on human health have made the 
introduction of new incinerators difficult to achieve. Health concerns relate to the 
possible release of dioxins and heavy metals into the atmosphere from the waste input 
and the combustion process. Dioxin is the common name given to a family of complex 
organic chemicals with similar properties. Dioxins are primarily two groups of 
compounds, polychlorinated dibenzo-para-dioxins and polychlorinated dibenzofurans 
[Harrison, 2001]. Dioxins are produced when organic material is burned in air in the 
presence of chlorine. Solid waste contains large amounts of plastic material e. g. poly 
vinyl chloride. Dioxins are among the most toxic man-made compounds. Dioxin is an 
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extremely potent toxic substance that produces a remarkable variety of adverse effects 
in humans and animals at extremely low doses. 
Table 16 Municipal waste disposal methods (adapted from DEFRA 2004) 
Method 
Total 
1996/97 1997/98 1998199 1999100 2000/01 2001/02 2002103 
Landfill 20635 21798 21517 21963 22039 22288 21969 
(%) 84 85 82 80 79 77 75 
Incineration without EfW 1435 1573 2139 2302 2391 2458 2607 
(%) 6688999 
Incineration with EfW 619 61 17 8 20 87 
(%) 2000000 
RDF Manufacture 148 167 131 106 67 84 87 
(%) 1110000 
Recycled/Composted 1751 2068 2523 3097 3446 3908 4577 
(%) 78 10 11 12 14 16 
Other 0 45 10 4 95 48 92 
(%) 0000000 
Total 24588 25711 26337 27480 28057 28794 29309 
Figures in thousand tonnes. EfW = Energy from waste, RDF = refuse derived fuel 
Dioxin is persistent in the environment and accumulates in magnified concentrations as 
it moves up the food chain, concentrating in fat, notable in breast milk. Dioxin can 
cause cancer and acts as an endocrine disruptor with adverse effects on reproduction, 
development and the immune system [UNEP 2002] 
Heavy metals are present in many waste streams and cannot be destroyed by 
incineration. They end up in ash or are released as air emissions. Typical heavy 
metals emitted by incinerators include mercury, which causes birth defects, immune 
system damage and nervous disorders; lead, which is known to cause nervous 
disorders; and cadmium, which causes kidney failure, hypertension and genetic 
damage. Other heavy metals include cyanide, arsenic, selenium, and nickel. [DEFRA 
2004b]. 
When municipal waste is incinerated a number of waste streams are created. The 
solid residues produced by municipal waste incinerators are: incinerator bottom ash (a 
combination of grate ash and boiler ash) collectively termed Incinerator Bottom Ash 
(IBA, approximately 25% to 30% by weight and 10% by volume of input), ferrous and 
non-ferrous metals; and feedstock wastes rejected due to chemical or physical 
incompatibility e. g. large objects. 
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The combustion gases created from the incineration process are acidic, as a result of 
materials in the municipal solid waste containing chlorine and sulphur. Lime is added 
to neutralise the excess acid and finely divided carbon is added to remove dioxins and 
heavy metals. High efficiency bag filters remove the fine particles, carbon and lime and 
these materials are collectively termed Air Pollution Control residues (APC, 
approximately 3% by weight of waste input) and contain most of the dioxins produced 
in the process. APC residues are finely divided, strongly alkaline materials, containing 
high concentrations of lime and other calcium compounds, and soluble metal chlorides. 
These residues contain substantially higher levels of dioxins and some toxic metals 
than IBA but are designated hazardous (special) wastes because of their alkaline 
nature due to the lime they contain [The Special Waste Regulations 1996 SI 1996 
No. 972]. APC residues may pose a risk to human health due to this alkalinity as well 
as through high levels of dioxins, metals and chlorides. The potential environmental 
and human health impacts related to handling air pollution control residues are those 
from windblown dust and the potential leaching of soluble components. 
Figure 34 shows the waste management disposal options for IBA and APC in 2000. In 
2000, IBA was sent to landfill (79%) or for processing to produce an aggregate 
substitute (21%). The processed IBA is reused in construction blocks, road base 
course and bulk fill. The majority of APC residues were also sent to landfill (88%) with 
12% receiving some form of treatment prior to landfill disposal [Environment Agency, 
2002]. It is unlikely that the continual disposal of APC residues will continue since it is 
doubtful that APC residues will, without pre-treatment, meet the WAC for granular 
wastes in July 2005. The leaching limit for APC residues are problematic due to the 
presence of a high number of mobile chlorides and sulphates in the material. 
Currently, APC resides are being Iandfilled at six times the chloride limit value of the 
WAC for hazardous waste [Hazardous Waste Forum 2004] (see section 2.10.6 for 
details regarding WAC). 
APC residues can be used to treat hazardous waste such as non-volatile organic 
liquids or sludges, for example, emulsion paint residues, latex, waste oils, toxic metal 
acid wastes, waxes and greases. The alkalinity, dryness, very small particle size and 
hence large surface area make air pollution control residues useful reagents for 
treating a range of industrial wastes. The wastes are adsorbed onto or absorbed by the 
powders, making them capable of conventional solid waste handling techniques. This 
treatment process has two major benefits. Hazardous waste materials mixed with APC 
residues are diluted in strength with the APC reducing in alkalinity. The mixing of two 
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hazardous wastes may produce one solid waste material that may be classed as non- 
hazardous. 
On July 16 2004 the ban on the co disposal of hazardous waste with non hazardous 
waste to meet the requirements of the Landfill Directive was introduced. This had the 
effect of reducing the number of sites for hazardous waste disposal from 240 to 
approximately 11 dramatically increasing the costs of hazardous waste disposal due to 
greater travel distances and improved landfill management controls for hazardous 
landfills. 
Municipal 
Solid Waste 
(MSW) H 
MSW 
Incinerator 
hh, ý 
pppl 
IBA 
21% 
IBA Processor 
79% 
APC 
12% 
Waste 
Treatment 
Plant 
Landfill 
Figure 34 Treatment and disposal routes for incinerator ash 
IBA Reseller 
i Construction e. g. blocks, roads and bulk fill 
The introduction of the Waste Acceptance Criteria imposed by the Landfill Regulations 
2004 [Landfill (England & Wales) (Amendment) Regulations No. 1375 SI 20041 
details specific testing protocols and limits that must be achieved for inert, non 
hazardous and hazardous landfills. If APC residues can be treated to achieve the 
leaching limits for a non-hazardous landfill, the options for disposal could be increased 
88% 
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at reduced costs. Non-hazardous landfill can receive stable non-reactive wastes for 
disposal in separate cells under special permits. 
Lanstar CSG Environmental receives APC resides from two municipal waste 
incinerators in Bolton and Coventry. These residues are used to treat range of different 
hazardous wastes to produce a neutralised sludge before disposal to landfill. The 
chemical characteristics of IBA and APC residues from these two incinerators are 
detailed in Table 17. These APC residues are currently treated by mixing with other 
hazardous wastes prior to disposal at landfill. Improvements to the treatment process 
by the addition of other additives to produce a solid with reduced leachability in the long 
term will provide more disposal options if the solidified/stabilised product can achieve 
the limits set for non hazardous waste landfills. APC residues and the current products 
of the APC treatment process with mixed hazardous wastes were chosen as materials 
to be investigated with the addition of soluble sodium silicates. 
Table 17 Analysis of municipal solid waste ash (from Environment Agency 2002) 
Cd 
Th 
Hg 
Pb 
Cr 
Cu 
Mn 
Ni 
As 
An 
Co 
Vn 
Sn 
Dioxin (ng ITEQ/kg) 
Carbon (g/kg) 
TOC (g/kg) 
Results in mg/kg unless stated. 
Bolton 
IBA 
2-5 
10-35 
0.5-7.5 
600-4500 
40-100 
250-300 
500-1000 
20-180 
3-10* 
20-110 
5-10 
25-100 
75-200 
5-12 
30-75 
15-28 
Coventry 
APC IBA IPC 
60-80 5-30 60-110 
10-35 5-38 5-45 
2-10 0.5-5.5 6-18 
2000-4750 500-1000 1200-2000 
60-100 50-375 50-90 
400-420 500-2750 200-400 
250-1000 200-750 250-475 
20-80 40-100 30-40 
10-25 2-20* 15-50 
100-420 40-150 180-400 
3-15 10-20 10-15 
25-100 10-30 25-30 
200-900 150-400 250-500 
200-1500 5-10 1100-2500 
10-20 15-75 25-35 
8-18 3-45 20-25 
ITEQ - Dioxins and dioxin-like PCBs usually occur as mixtures and are most conveniently reported as Toxicity 
Equivalents (TEO), based on their toxicity compared to the most potent dioxin, 2,3,7,8-TCDD. There is an internationally 
agreed protocol to calculate TEQ (ITEQ) for dioxins and furans, but recently this has been amended by UK COT and 
WHO to include dioxin-like PCBs (WHO -TEQ). 
5.3 Material characterisation techniques 
All material characterisation was carried out according to the methods detailed in 
sections 3.0,4.0 and the INEOS Silicas Method Titles in Appendix 2. Princi le oxide 
information was acquired by usingXRF according to the information in section 4.7 Z. v 
trace metals analysis was performed according to the information in section 4.3 and 
solid samples were prepared for trace metals analysis according to INOES Silicas 
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Method Title 4- Appendix 2. Bulk density/specific gravity analysis was carried out 
according to the method in section 3.17 adapted from INEOS Silicas Method Title 2- 
Appendix 2. Loss on ignition was performed according to the method in section 3.18 
adapted from INOES Silicas Method Title 8- Appendix 2. Total Carbon analysis was 
performed according to INEOS Silicas Method Title 3- Appendix 2. The density and 
Na02% were performed according to INEOS Silicas Method Titles 9 and 10 - Appendix 
2. The pH of sodium silicate was performed according to INEOS Silicas Method Title 7 
- Appendix 2 with the pH of solid samples being performed using the method in section 
3.15 which was adapted from the aforementioned INEOS Silicas method. Particle size 
analysis was performed according to the information in section 4.5 and INEOS Silicas 
Method Title 6- Appendix 2. 
5.4 Characterisation results 
5.4.1 Sodium silicate 
During the initial investigations, three different sodium silicate grades were used in the 
research program which represent the range manufactured and the largest amount 
used within industry. These grades are Crystal 0100A, Crystal 0096 and Crystal 0079. 
Crystal 0079 is produced in the highest quantities and is used as a base liquor to 
produce a number of other grades within the range. Five litres of each of the three 
sodium silicates was removed from a standard 25 litre drum to ensure that enough was 
put aside for all the experimental work. The results of the analysis of these three 
sodium silicates is presented in Table 18 which shows how sodium silicate increases in 
pH as the percentage of soda increases (for pH analysis see section 3.15). 
Table 18 Bulk properties of sodium silicate 
Grade Twaddell Wt. Ratio Na02% S102% Total Solids % pH 
C0079 78.72 3.31 8.63 28.54 37.47 11.6 
C0096 95.87 2.81 11.27 31.67 42.94 12.1 
C0100 99.10 1.98 13.99 27.48 41.67 12.7 
Trace metal analysis was performed on the three sodium silicate samples using ICP- 
AES (see section 4.3). Table 19 shows the trace element concentrations in mg/I. All 
sodium silicates should be predominately made up of sodium and silicate and show 
similar levels for the elemental analysis since any impurities come from the sand and 
soda which will affect all grades. Elevated levels of aluminium and iron are a result of 
impurities in the raw materials used. 
109 
5.4.2 Additives (Pozzolans) 
During the initial investigative research, a number of additives in addition to sodium 
silicate were used to determine their ability to form a solid mass when mixed with 
sodium silicate and cement. All of the pozzolans were characterised using XRF 
instrumentation with a single sample for each pozzolan. The results are normalised to 
100% of the solid material. The principle oxides of each material are presented in 
Table 20. 
In most cases, each pozzolan is dominated by one or two oxide species. The oxide 
results for GGBS show similar concentrations of Si02 and CaO both being approx 37% 
with trace amounts of A1203, MgO and SO3. MS and Rha (low and high carbon) ash 
are almost entirely made up of silica although trace amounts of K20 are present in the 
Rha. Metakaolin and PFA are predominantly made up of A1203 and Si02 although PFA 
shows trace levels of Fe203, CaO, MgO, P205, S03 and Ti02. 
Table 19 Trace elemental analysis of sodium silicate - mg/I (Ineos Internal data) 
Element Crystal 79 Crystal 96 Crystal 100 
Al 135 86 56 
Ca 11 21 25 
Cl 381 220 109 
Cr - 0.1 
Cu 0.5 -- 
Fe 94 56 63 
Mg 6.2 5.9 2.5 
Mn 1 0.6 - 
Ni 2 1.3 2.3 
NO3 31 22 15 
Pb --- 
PO4 --- 
S 38 24 46 
SO4 106 159 125 
Ti 53 89 77 
Zn --- 
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Table 20 Oxide analysis of pozzolans 
GGBS MS Rha (LC) Rha (HC) MK PFA 
A1203 12.40 0.46 -- 37.9 32.70 
As203 - 0.01 ---- 
CaO 37.50 0.15 0.69 0.5 0.07 4.70 
CI 0.02 0.09 0.10 0.08 -- 
Cr203 0.01 ----0.03 
Fe203 0.33 0.06 --0.59 3.96 
K20 0.39 0.53 1.53 1.15 2.98 0.95 
MgO 8.30 0.22 0.61 0.46 0.42 1.10 
MnO 0.37 - 0.11 0.08 - 0.02 
Na20 0.27 0.18 0.07 0.05 0.10 0.15 
NiO ---1.09 - 0.03 
P205 0.01 0.08 1.44 0.10 0.11 1.47 
S-0.10 0.13 - 0.03 - 
Si02 37.00 97.10 92.7 69.9 57.9 47.90 
SO3 2.56 ----1.00 
SrO 0.07 ----0.09 
T1O2 0.60 ---0.02 1.36 
V205 -----0.06 
ZnO - 0.01 ---0.03 
ZrO2 0.03 ----- 
Total 99.87 98.99 97.38 73.1 100.11 95.56 
Table 21 shows a range of the physical parameters for all of the pozzolan materials. 
MK has the lowest bulk density along with the two types of Rha. High carbon Rha also 
has the highest L. O. I which is reflected in the total carbon content of 24% with both 
PFA and MS containing traces of carbon. MK shows the lowest pH value of around pH 
6, GGBS and PFA show pH values closer to 12. The particle size profiles for all of the 
pozzolans show that MK has the smallest particle size and MS, both types of Rha show 
mean particle sizes of around 75 to 150 µm. 
Table 21 Physical characteristics of pozzolans 
GGBS MS Rha Rha MK PFA 
(LC) (HC) 
Bulk Density (glcm) 1.013 0.612 0.366 0.440 0.304 0.820 
L. O. 1 (%) 0.46 2.55 3.56 26.25 0.24 4.41 
Total Carbon (%) - 1.45 3.23 24.1 - 4.3 
pH 11.51 7.78 10.13 10.26 5.78 12.21 
Particle Size (um) 
Dm10 2.16 23.22 12.35 7.00 1.20 3.56 
Dm50 15.31 152.04 72.92 103.42 4.30 20.29 
Dm90 50.06 277.80 156.49 226.82 12.37 66.44 
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5.4.3 Waste materials and OPC 
Table 22 shows the primary oxide analysis for APC, MO sludge and OPC. All three 
materials were analysed in triplicate using XRF instrumentation and the standard 
deviation for each material is shown. 
OPC is predominantly comprised of CaO and Si02 with an approximate ratio of 3: 1 
(CaO: SiO2). Lesser amounts of A1203, Fe203, SO3 and trace amounts of K20, MgO and 
TiO2 are also present. APC is also dominated by the presence of CaO (46%) with a 
lesser amount of Si02 (7.5%). Higher levels of K20, Na20, SO3 and Ti02 are also 
shown. Trace levels of metals such as Zn, Pb, and Cr are also shown but the most 
important element of note in this material is Cl with a concentration of approx 20%. 
The oxide results for the analysis of MO sludge also shows a predominance of CaO 
(37%) and Si02 (8%) although higher levels of Fe203 (12%) are also observed. 
Increased levels of Ni, Zn, Cr and Cu are shown compared to the APC residues. A 
semi-quantative analysis was first performed on the digested sample to determine 
metals present and further investigations were carried out on selected elements. Table 
23 shows the weights of each material digested and the corrected result in mg/kg is 
calculated by the following equation (see Appendix 2, Method Title 4). 
Analyteppm(fromICP) =R-Bx 
(W) 
R= sample reading 
B= sample'blank' reading 
D= dilution factor (flask size 100 ml) 
W mass of sample 
Tables 24 shows the ICP - AES analysis for APC. The trace element analysis shows a 
predominance of Ca and Si which was also observed in the oxide analysis. High levels 
of Al, Fe, K and Na were also observed with noticeable levels of Zn, Pb, and Ti. The 
average result from run 1 and run 2 was used as the actual result. The difference 
between the two results are also shown as a percentage. After the semi-quantative 
scan, a few additional elements to those selected for APC were selected for further 
investigation with regard to the MO Sludge. The ICP analysis for MO Sludge shows 
high levels of Ca, Si, Al, Fe, Na, Zn and Ni with trace levels of Cr, Cu and K (Table 25) 
Table 26 shows the ICP metals analysis for OPC which includes all metals selected for 
the waste materials. The results generally concur with the XRF oxide data with very 
small amounts of Cr, Cu, Ni, Pb and Zn. High percentage differences are observed 
between elements with very low concentrations. 
112 
Table 22 Oxide analysis of APC, MO and OPC (%) 
OPC ±StDev APC ±StDev MO ±StDev 
A1203 5.04 0.075 4.98 0.051 5.90 0.072 
CaO 61.53 0.545 45.90 0.258 37.45 0.163 
CdO --0.01 0.000 0.11 0.012 
CI 0.08 0.013 20.35 0.082 5.97 0.056 
Cr203 0.01 0.005 0.21 0.001 0.92 0.035 
Cu0 --0.07 0.002 0.99 0.030 
Fe203 2.39 0.059 1.05 0.030 11.89 0.070 
K20 0.92 0.031 4.10 0.090 1.35 0.052 
MgO 1.23 0.054 1.16 0.006 1.41 0.035 
MnO 0.03 0.006 0.25 0.004 0.12 0.012 
Na20 0.30 0.013 2.82 0.026 5.42 0.031 
NiO --0.01 0.001 2.60 0.051 
P205 0.07 0.008 0.36 0.003 0.01 0.001 
PbO --0.35 0.030 0.03 0.002 
S102 22.40 0.226 8.23 0.060 8.47 0.078 
Sn02 --0.21 0.008 0.14 0.014 
S03 5.58 0.102 7.61 0.040 7.19 0.025 
Sr0 0.06 0.010 0.04 0.001 0.21 0.257 
Ti02 0.44 0.015 1.08 0.025 1.48 0.074 
V205 --0.01 --- 
ZnO --1.09 0.006 8.54 0.107 
Zr02 0.01 0.008 0.02 0.001 -- 
Total 100.08 99.90 100.20 
Table 23 Weights of waste materials used for ICP-AES analysis 
OPC APC MO Sludge 
Runt Run 2 Runt Run 2 Runt Run 2 
Weight 1.2741 1.1797 1.1132 1.1396 1.0385 1.0158 
Table 24 ICP-AES elemental analysis of APC 
Raw Result (mg/1) Calculated (mg/kg) Average % Diff 
Run 1 Run 2 Run 1 Run 2 
Al 291.9 317.4 26220 27852 27036 -6.2 
Ca 2489 2972 223565 260812 242189 -16.7 
Fe 70.88 67.82 6367 5951 6159 6.5 
K 280.8 225.9 25223 19822 22522 21.4 
Na 205.3 226.5 18442 19874 19158 -7.8 
Pb 24.21 22.85 2175 2005 2090 7.8 
Si 508.8 594.8 45709 52196 48953 -14.2 
Ti 57.90 64.47 5201 5657 5429 -8.8 
Zn 71.36 69.37 6410 6087 6249 5.0 
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Table 25 ICP-AES elemental analysis of MO Sludge 
Raw Result (mg/1) Calculated (mg/kg) Average % Diff 
Run I Run 2 Run I Run 2 
Al 282.4 298.9 27194 29431 28313 -8.23 
Ca 2199 2305 211808 226919 219364 -7.13 
Cr 87.56 97.90 8431 9638 9035 -14.3 
CU 14.95 13.65 1440 1314 1377 8.74 
Fe 735.9 622.9 70861 61323 66092 13.5 
K 71.45 45.27 6880 4457 5668 35.2 
Na 682.1 731.5 65684 72007 68846 -9.63 
Ni 87.23 89.55 8400 8815 8607 -4.65 
Si 590.5 548.9 56862 54044 55452 4.96 
Zn 428.7 449.2 41282 44224 42753 -7.13 
Table 26 ICP-AES elemental analysis of OPC 
Raw Result (mg/I) Calculated (mg/kg) 
Run 1 Run 2 Run I Run 2 
Average % Diff 
Al 329.6 366.8 25868 31091 28479 -20.19 
Ca 4893 4459 384033 377953 380993 1.58 
Cr 0.393 0.493 31 42 36 -35.48 
Cu 0.187 0.165 15 14 14 4.43 
Fe 107.1 116.8 8403 9902 9152 -17.84 
K 55.26 64.23 4337 5445 4891 -25.53 
Na 107.6 99.63 8448 8446 8447 0.02 
Ni 0.520 0.646 41 55 48 -34.29 
Pb 0.309 0.301 24 25 25 -5.01 
Si 702.5 714.4 55137 60556 57847 -9.83 
Ti 17.47 18.26 1371 1548 1459 -12.89 
Zn 1.391 0.947 109 80 95 26.46 
Table 27 shows a range of physical characteristics of the waste materials and OPC. 
The waste materials have a lower bulk density than OPC and a higher L. O. I. which is 
most likely linked to the high carbon analysis obtained for the waste materials. APC 
and OPC are both alkaline with pH values of around 12.5 to 13.2. MO sludges shows 
a neutral pH. All of the waste materials and OPC show similar particle size 
distributions although MO sludge has the smallest average particle size. 
Table 27 Physical characteristics of waste materials and OPC 
APC MO Sludge OPC 
Bulk Density (g/cm) 0.570 0.437 0.959 
L. O. I (%) 16.45 32.34 2.52 
Total Carbon (%) 13.68 27.96 0.31 
pH 12.52 7.29 13.24 
Particle Size (um) 
Dm10 1.43 0.51 2.73 
Dm50 15.00 9.71 17.82 
Dm90 96.25 47.77 57.23 
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Table 28 shows the results of the analysis of the two waste materials for Chloride, 
Sulphate and Nitrate as a percentage of the total solid. APC shows a high 
concentration of Cl although slightly lower than the results produced by XRF. Low 
concentrations of sulphate and nitrate were observed. The results for MO sludge show 
a dominance of sulphate in the solid. 
Table 28 Anion analysis of waste materials (%) 
APC 
Run 1 Run 2 Average Diff % 
CI 13.57 14.15 13.86 -4.27 
SO4 0.45 0.32 0.39 28.89 
NO3 0.09 0.07 0.08 22.22 
MO Sludge 
Run 1 Run 2 Average Diff % 
3.26 2.66 2.96 2.96 
14.88 15.51 15.20 15.2 
1.49 2.21 1.85 1.85 
5.5 Summary 
The ability of the pozzolan additives to act in a cementitious way relate to the similarity 
in chemical and physical properties to those of OPC. Particle size and material pH will 
also play an important part in their ability to set and develop strength when mixed with 
water and OPC. The high levels of Cl and metals in APC relates to the primary 
constituents of the original municipal solid waste which may contain polyvinyl chlorides 
from plastics and metaliferous waste. The neutral pH of the MO sludge is derived from 
the waste processing which involved the mixing of acid and alkali waste products to 
attain a neutral sludge before disposal to landfill. It is important to use the same waste 
material throughout the research since both waste streams can be highly variable in 
relation to the concentration of waste being incinerated and the waste mixes being 
processed on a particular day. Approximately 25kg of APC and the MO sludge from 
Lanstar CSG Environmental ere obtained and used throughout the research. 
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6.0 The effect of sodium silicate on OPC based systems 
6.1 Introduction 
The initial research into the effect of sodium silicate on OPC solidified systems involved 
investigating the set time, strength development, porosity, acid neutralisation capacity 
and the microstructure of the solid form when a combination of three sodium silicate 
grades, OPC and pozzolans are mixed together. The research was presented in the 
24-month transfer report of which the following is an edited version explaining the 
important findings. The main aim of this preliminary research was to obtain a basic 
understanding of the possible reaction mechanisms that occur when sodium silicate is 
mixed with OPC and different cementitious binders. In addition, the majority of the 
method development was also carried out during this stage. The intention is to use the 
results of this initial research to identify the optimum systems for further investigation 
and improve the methodology for the next experimental program when waste addition 
will be considered. 
6.2 Experimental procedures 
6.2.1 Materials 
The materials used for this part of the research were Ordinary Portland Cement (OPC), 
Pulverised Fuel Ash (PFA), Ground Granulated Blast Furnace Slag (GGBS), 
Microsilica (MS), Metakaolin (MK), Rice Husk Ash (RHAhc - High carbon; RHAIc, Low 
- Carbon), and three types of commercial soluble sodium silicate 0079,0096 and 
0100. The physical and chemical characterisation of these materials can be found in 
Chapter 5. 
6.2.2 Mix design 
Mix designs for OPC/sodium silicate/pozzolan mixes are presented in Tables 29 and 
30. Table 29 shows the mix design for the addition of sodium silicate 0079 to OPC. 
Mix designs for the addition of 0096 and 0100 were prepared exactly the same and are 
therefore not shown. The mix design for the replacement of OPC with Pozzolans show 
an example for the replacement of OPC with PFA and all other pozzolan replacements 
are prepared in the same proportions. Due to the large number of variables when 
investigating the replacement of OPC with pozzolans, only one water/cement ratio was 
used (0.75) with one soluble sodium silicate percent addition (6%). These two 
parameters represent the middle of the data set using OPC and sodium silicate alone. 
The pozzolans are added as 20% or 80% replacement of OPC. Sample mixes do not 
take into account the solids or water added to the system by the addition of sodium 
silicate. Water/Cement ratio or water/cement+pozzolan ratio were used instead of 
Water/Solids ratio. 
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Table 29 Mix design for sodium silicate and OPC systems 
Sample Code 
2% 
Sodium 
6% 
Silicate % Water WIC 
OPC/0079/210.5 2-- 500 250 0.50 
OPC/0079/6/0.5 -6- 500 250 0.50 
OPC/0079/10/0.5 -- 10 500 250 0.50 
0PC/0079/210.75 2-- 500 375 0.75 
OPC/0079/6/0.75 -6- 500 375 0.75 
OPC/0079/10/0.75 -- 10 500 375 0.75 
OPC/0079/2/1.00 2-- 500 500 1.00 
OPC/0079/611.00 -6- 500 500 1.00 
OPC/0079/10/1.00 -- 10 500 500 1.00 
Table 30 Mix design for sodium silicate, OPC and pouolan systems 
Sample Code Sodium Silicate % OPC Total Water 
0079 0096 0100 
PFA Solids (CM) 
20PFA/800PC+0079 6-- 400 100 500 375 
20PFA/800PC+0096 
-6- 400 100 500 375 
20PFA/800PC+0100 
--6 400 100 500 375 
20PFA/800PC 
--- 400 100 
500 375 
80PFAI200PC+0079 6-- 100 400 500 375 
80PFA/200PC+0096 
-6- 100 400 500 375 
8OPFA/200PC+0100 
--6 100 400 500 
375 
80PFA/200PC 
--- 100 400 500 375 
Units for OPC, PFA and total solids = grams. 
6.2.3 Methodology 
All the procedures used for set time, strength development, bleed water, free water, 
ANC, SEM, MIP are detailed in Chapter 3 with instrumental procedures detailed in 
Chapter 4. Detailed methodology can also be found in Appendix 2&3. The samples 
for SEM analysis were prepared by placing the mixed sample in a 50cm3 centrifuge 
tube and sealed. The sealed sample was rotated end-over-end until the material had 
set. After 7 days, the centrifuge tube is cut open and sent for SEM sample preparation. 
This involves sealing the sample in resin, making a number of slices through the 
sample, mounting and then polishing the surface. SEM analysis was carried out at 
LGC Runcorn using a Hitachi X-650 at 12 KeV accelerating voltage following their own 
Standard Operating Procedures (SOPs) and Standard Analytical Methods (SAMs). 
6.3 Results 
6.3.1 Experimental observations 
When a large amount of sodium silicate is mixed with OPC at a low W/C, the mass sets 
during the mixing phase causing the formation of an inhomogeneous mass that 
becomes difficult to remove from the sample container. This fast or 'flash' set forms 
agglomerations within the mass and can be seen as small spheres in the solid when 
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the sample has set. As the water content in the experiments is increased, the mixes 
become easier to handle with the samples at 0.75 W/C being more mobile and those at 
1.0W/C being able to be transferred by pouring. All samples showed an increase in 
stiffness with an increase in the ratio of sodium silicate used. Samples prepared with 
20% PFA, GGBS and Micro silica replacement of OPC, 6% sodium silicate addition 
and 0.75 water/cement ratio were easily handled. Samples with 20% Metakaolin, Rice 
Husk ash (low and high carbon) exhibited a greater degree of stiffness during 
preparation. Samples prepared with 80% replacement of OPC with PFA and GGBS 
remained in a liquid state for some time after mixing and could be easily poured into 
sample containers. These samples then rapidly set to form a solid mass approximately 
20-30 seconds after mixing had ceased. Samples prepared with 80% replacement of 
OPC with MS, MK, and both types of RHA were impossible to mix at the set 
water/solids ratio and no results are presented, although cores were prepared for 
strength development using 80% replacement of MS. The stiffness of all mixes tended 
to increase with increase in the sodium silicate ratio used. 
6.3.2 Setting times 
The results for the setting time experiments are presented in Figures 35 to 42. The 
graphical results show the effects of three variables, water/cement ratio (W/C), sodium 
silicate addition and sodium silicate grade. The horizontal axis represents time in 
minutes and the vertical axis represents penetration depth in 0.1 mm intervals. Figure 
35a shows that an increase in sodium silicate (0079) addition results in faster set times. 
As the mix water is increased (Figures 35b and 35c), the set times increase. The set 
time results for the addition of 0100 are presented in figures 36. The addition of 0100 
produces the longest set times of all the sodium silicates used causing an initial 
acceleration of set or 'stiffening' of the mix and a later retardation of the set with the 
additions of 6% and 10% of 0100 producing a delay in set. An increase in mix water 
also increases set time as seen with the addition of 0079. The results for the addition 
of 0096 are not presented as similar results with respect to water addition and sodium 
silicate ratio were observed. The addition of high ratio sodium silicate (0079) reduces 
set times compared to the addition of low ratio sodium silicate (0100) which increases 
set times especially after an initial 'stiffening 'of the mix. 
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Figure 35a - Set times for OPC + 0079 at 0.5wc 
Figure 35b - Set times for OPC + 0079 at 0.75wc 
Figure 35c - Set times for OPC + C0079 at 1.00wc 
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Figure 36b - Set times for OPC + 0100 at 0.75wc 
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The results for set time determination for the replacement of OPC with PFA, GGBS, 
MS, MK and Rice Husk ash and addition of 0079/0096 are presented in Figures 37 to 
42. Figure 37 represents the replacement of OPC with PFA at 20% and 80% with 0079 
and 0096 addition. The samples with no addition of 0079 set at a slower rate, the 80% 
PFA being the slowest. When 0079 is added to the PFA mixes, set times decrease, 
with the 80% addition setting the fastest. Similar results are produced when 0096 is 
added to the 80% PFA, but the 20% addition with 0096 produces a slower setting rate 
compared to the addition of 0079. A similar trend can be seen with the replacement of 
OPC with GGBS (Figure 38) with the set times being marginally faster than PFA 
addition, but the 80% additions of GGBS with all of the different sodium silicates 
producing the fastest set times. Once again, the 20% additions produce increasingly 
longer set times as the composition of the sodium silicate changes from high ratio to 
low ratio to the extent that no set is achieved with the low ratio sodium silicate. Results 
for the addition of 0100 are not shown since no measurable set was achieved during 
an 8-hour period. The replacement of OPC with MS produced slower setting profiles 
with the addition of 0096 retarding the set (Figure 39). The acceleration of set by the 
addition of 0079 is less evident compared to the results achieved with PFA and GGBS. 
The addition of 0100 failed to produce a measurable set in the required time. Sample 
mixes using 20% replacement of OPC with MK and sodium silicate addition produced 
shorter set times than samples with 20% replacement and no sodium silicate addition 
(Figure 40). This trend is also observed with replacement of OPC with rice husk ash 
for both low carbon and high carbon with the high carbon Rha samples setting faster 
then the low carbon Rha samples when sodium silicate is added. (Figures 41 and 42). 
The addition of sodium silicate to OPC pozzolan systems produces a decreases in the 
set times. Set time reduction is also observed when the amount of pozzolan is 
increased for 20 to 80% replacement when sodium silicate is added. The combination 
of sodium silicate addition and increased pozzolan replacement produces the fastest 
set times. 
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Figure 37 - Set times for OPC/PFA with 0079/0096 addition (6% and 0.75wc) 
Figure 38 - Set times for OPC/GGBS with 0079/0096 addition (6% and 0.75wc) 
Figure 39 - Set times for OPCIMS with 0079/0096 addition (6% and 0.75wc) 
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Figure 40 - Set times for OPCIMK with 0079/0096 addition (6% and 0.75wc) 
Figure 41 - Set times for OPC/RHAhc with 0079/0096 addition (6% and 0.75wc) 
Figure 42 - Set times for OPC/RHAIc with 0079/0096 addition (6% and 0.75wc) 
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6.3.3 Strength development 
Figures 43 to 50 show the strength (N/mm2) for unconfined compressive strength for 
OPC and OPC mixes replaced with pozzolanic materials over 28 days of curing. The 
complete set of results for unconfined compressive strength with estimated standard 
deviations between the three samples tested at 1,7 & 28 days are presented in 
Appendix 4. Graphical results for the addition of 0096 are not shown since 
comparisons are made with high and low sodium silicate ratio only. 
Figure 43a shows how the addition of 0079 produces higher strength results at an early 
stage in the curing period (1 Day) with OPC producing a lower strength. The strength 
development increases with time for the OPC alone systems (28 days), with OPC 
having a greater compressive strength after 28 days than mixes with 0079 addition. 
Strength also decreases with increase in added mix water (Figures 43b and c) with a 
reduction in early strength development for mixes with 0079 addition. The results for 
the addition of 0100 show a different trend with the increase in silicate addition causing 
a decrease in strength throughout the curing period (Figures 44 a, b& c) with an 
increase in added mix water also causing a decrease in the strength development. 
Strength results are lower for 0100 addition compared to mixes with 0079 addition. 
The results for unconfined compressive strength on the replacement of OPC with 20% 
and 80% pozzolans for 1,7,28 days at 6% sodium silicate addition and 0.75WC ratio 
are presented in Figures 45 to 50. Figure 45 (a & b) represent the strength 
development for PFA 20% and 80% replacement, with and without sodium silicate 
addition. The results show that samples with 20% PFA and sodium silicate addition 
have a greater early strength than 80% PFA samples. This trend continues to 28 Days 
where the strength has continued to develop with the 20% PFA replacement samples 
producing the highest results. Mixes without sodium silicate addition with 80% PFA 
show no measurable 1 day strength. Overall, samples with 20% PFA and no sodium 
silicate addition produce the largest strength results as strength develops up to 28 
days. Samples with 0100 addition show a lower early and final strength than samples 
mixed with 0079. Sample mixes with 20% GGBS replacement and sodium silicate 
addition produce lower 1 day strength than samples with PFA with the final strength 
being slightly higher after 28 days (Figure 46 a& b). The sample with 0100 addition 
produces the poorest strength over 28 days. Although no 1 day strength is observed 
for samples mixed with 80% GGBS without sodium silicate addition, after 28 days, 
these mixes show the highest strength produced for all pozzolan replaced mixes. 
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Figure 43a Strength OPC/0079 @ 0.5wc 
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The difference in strength between all 20% and 80% GGBS replaced samples is less 
than the reduction in strength shown by the change from 20% to 80% PFA. Figure 47a 
&b show the strength results when OPC is replaced with MS at 20% and 80%. Similar 
results for 20% replacement are produced to those shown in Figure 45 with PFA 
although slightly lower. When OPC is replaced with 80% MS, the addition of sodium 
silicate shows a small improved strength development up to 28 days which is different 
to the trends shown with 80% replacement of PFA and GGBS. Figure 48 shows the 
effect of replacing OPC with 20% MK. The addition of sodium silicate again produces 
a higher 1-day strength compared to the samples without sodium silicate addition 
which changes as cure time increases with OPC/MK mixes alone producing higher 
strengths after 7 days. Using Rice husk ash (high carbon) to replace OPC produces 
similar results to the low carbon sample (Figures 49 & 50). Early strengths are similar 
with all samples with 0100 addition producing a slightly lower strength. As strength 
develops, the sample with 0096 addition begins to produce higher results, eventually 
producing the largest final strength of all rice husk replacement samples. The affect on 
strength by the addition of 0096 is not observed in any other sample mixes. 
The replacement of OPC with pozzolans and the addition of sodium silicate reduces 
the strength of the solid form with low ratio sodium silicate (0100) producing the lowest 
strength results. 
6.3.4 Bleed Water 
All the results for bleed water are presented in tabular form in Appendix 4. Figure 51 
shows the percentage bleed water from mixes with increasing percentage addition of 
0079 and increasing mix water. The amount of bleed water is reduced when 0079 is 
added to the mix, reaching zero at 6 and 10% addition. Bleed water also increases 
when the amount of water is increased. Similar results were obtained with the addition 
of 0096 and 0100 which are presented in tabular form in Appendix 4, however, a 
difference in bleed between high ratio and low ratio sodium silicate was not observed. 
Figures 52 to 55 show the amount of bleed water for the replacement of OPC with 
pozzolans. The amount of bleed water is reduced for all pozzolan replacement 
samples when all types of sodium silicate are added. With the PFA, GGBS and micro 
silica replacement samples, the amount of bleed water present is highest with the 80% 
replacement and 20% replacement without sodium silicate addition. The reduction of 
bleed water is most evident when 0079 and 0096 are added. Similar trends are 
observed with the Metakaolin and Rice husk ash (low and high carbon) with 20% 
replacement of OPC although the amount of bleed water produced for these samples is 
lower. 
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For the high carbon rice husk ash samples, no bleed water is observed with the three 
types of sodium silicate addition and the sample with no sodium silicate addition 
producing only a small amount. 
Bleed water is always reduced when sodium silicate is added to OPC/pozzolan mixes 
with the high pozzolan loadings increasing the bleed water. Low ratio sodium silicate 
(0100) tends to have a reduced effect on bleed water production compared to the high 
ratio silicates. 
6.3.5 Free Water 
Figures 56 to 60 show the amount of free water in samples after 1 day of curing. 
Figure 56 shows how an increase in 0079 addition to OPC increases the amount of 
free water within the solid sample. Free water also increases with an increase in the 
addition of mix water. The replacement of OPC with PFA at 20 and 80% (Figure 57) 
shows how the 80% replacement sample with sodium silicate addition produces the 
highest amount of free water. This observation is reversed when no sodium silicate is 
added, 20% replacement of OPC with PFA producing a larger amount of free water. 
The addition of high ratio sodium silicate (0079) tends to show a small increase in free 
water compared to the addition of low ratio silicates (0100). These observations are 
repeated for the remaining pozzolan replacement samples (Figures 58 to 60) in varying 
degrees with sodium silicate addition always increasing the amount of free water in the 
samples. 
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6.3.6 Acid Neutralisation Capacity (ANC) 
The results from the ANC tests are presented graphically in Figures 61 to 64 and show 
how the pH of the solution changes with increasing additions of acid. The horizontal 
axis represents milliequivalents of nitric acid addition per gram of dry sample and the 
vertical axis represents pH. ANC analysis was only carried out on PFA, GGBS and 
Rha mixed samples and the raw materials after 28 days of cure. 
Figure 61 (a & b) shows the results of samples mixed with 20% and 80% PFA with and 
without 6% sodium silicate addition at 0.75W/C. OPC mixed at 0.75WC is included for 
comparison. The results show that the increase in PFA replacement reduces the ability 
of the sample to buffer the solution with increasing acidity with a flat region from pH 13 
to pH 10 and pH 3 to pH 1 with a sharp drop between pH 10 and pH 3. Sodium silicate 
addition shows a small reduction in the buffering capacity of the sample mixed with 
20% PFA, whereas the addition of sodium silicate to 80% PFA replaced mixes shows a 
small increase in the buffering capacity especially in the pH 10 to 3 region. Figure 62 
(a & b) shows the ANC results for the replacement of OPC with GGBS and sodium 
silicate addition. The 20% replacement samples show a lower buffering capacity than 
the OPC alone sample with the addition of sodium silicate having little effect. The 80% 
replacement samples show a further decrease in buffering capacity but to a lesser 
degree than seen with the PFA 80% replacement. The addition of sodium silicate to 
80% GGBS replacement samples shows a small increase in the buffering capacity 
compared to the same sample with no silicate addition. There is also a less 
pronounced sharp drop in the pH 10 to pH 3 region being replaced with a gradual 
decrease in the 80% GGBS replacement samples. The ANC results for the 
replacement of OPC with 20% Rice Husk ash (high carbon) are presented in Figure 63. 
There is a large reduction in the buffering capacity compared to the OPC alone sample 
and the addition of sodium silicate shows an increase in the buffering capacity 
compared to the RHA/OPC only system. PFA and Rice Husk ash (high carbon) show 
little ability to buffer the solution when nitric acid is added with GGBS and OPC 
showing a greater ability to buffer the solution, although GGBS does experience an 
early drop in pH. The sodium silicate solutions buffer the solution in relation to their 
original pH with 0100 requiring the most acid addition of all of the sodium silicates 
(Figure 64). 
The replacement of OPC with pozzolanic material reduces the ANC of the sample mix. 
At 20% replacement, the addition of sodium silicate shows a small reduction in the 
ANC compared to the sample mixes at 80% replacement where sodium silicate 
addition shows a small improvement in the ANC. 
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Figure 61a ANC profile for 20PFAI80OPC 
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Figure 62b ANC profile for 80GGBS120OPC 
Figure 63 ANC profile for 20RHAhc/80OPC 
Figure 64 ANC profile for 0079,0096,0100, PFA, GGBS, RHAhc, OPC 
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6.3.7 Porosity 
The results for the determination of porosity using MIP for selected mixes at 28 days of 
curing are presented in Figures 65 to 67, with all porosity data being presented in 
Appendix 4. The results presented show pore volumes at <0.051Am and >0.0511m for 
different sample mixes. Figure 65 shows pore volumes for OPC with the addition of 
6% sodium silicate with increasing addition of mix water. The addition of sodium 
silicate increases the amount of larger pores and the total porosity of the mix. OPC 
with no sodium silicate addition produces the largest number of pores below 0.05µm 
with sodium silicate addition increasing the number of pores in the >0.051. tm range, 
especially for 0100 addition. Increasing the amount of mix water increases the total 
porosity of all samples mixes especially in the >0.05µm pore volume range. The 
addition of 0079 always produces large pore volumes in the <0.05pm and smaller pore 
volumes in the >0.05pm range compared to the addition of 0100. 
Figure 66 shows the pore volume for sample mixes with the replacement of OPC with 
PFA at 6% sodium silicate addition and 0.75WC. Replacement with PFA increases the 
total pore volumes especially in the >0.05pm range, although the pore volume in the 
<0.05µm range are similar for sample mixes with and with sodium silicate addition. 
The effect of sodium silicate addition is similar to that observed in OPC mixes with 
increased pore volumes in the >0.05pm range. As the replacement of OPC with PFA 
is increased to 80%, total porosities increase. There is also a significant difference in 
the <0.05pm pore volume range with the addition of 0079 producing larger pore 
volumes <0.05µm in size. Similar results are produce when OPC is replaced with 
GGBS (Figure 67), however, the pore volumes in the <0.05pm range fluctuate between 
large pore volumes for GGBS/OPC mixes with no 0079 addition at 20% replacement to 
larger pore volumes in the <0.05pm range with 80% replacement with the addition of 
0079. 
The addition of sodium silicate increases the total porosities of the solid product, 
especially in the larger pore volume range. Increasing the amount of mix water and 
pozzolan replacement also increases porosity volumes in the >0.05pm range. 
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6.3.8 Microstructural investigation - SEM 
At this early stage in the research, only one sample mix was investigated, this sample 
being OPC mixed with 6% C0079 at a water/OPC ratio of 0.75W/C. Elemental 
compositional analysis of individual regions EDXA (X-ray probe Energy Dispersive X- 
ray Analysis) of SEM images are qualitative and only provide an estimate of the 
differences in elemental concentrations. No EDXA data is presented due to loss of 
images during analysis. Figure 68a shows a bright area with the grey rim marked W. 
The EDXA profile associated with this area shows a composition of predominantly 
calcium and silicon. The grey rim marked 'B' surrounds this OPC grain. The EDXA 
profile shows a reduction in calcium in this area with silicon remaining similar to the 
EDXA profile from area W. The large feature marked 'C' produces an EDXA profile 
made up of calcium, with very little silicon or any other elemental components. Figure 
68b shows a SEM image of the same sample showing an area marked 'D' with 'needle' 
structures, which have an EDXA profile containing calcium, silicon and aluminium. The 
area marked 'E' is grey in colour and produces an EDXA profile containing sodium, 
silicon and calcium. Figure 68c outlines a few more of the important features that can 
be observed showing an area 'F' with very fine fibres/needles surrounding the OPC 
grain. These seem to emanate from the grain and fill in the surrounding gaps between 
grains. Figure 69 shows a large dense mass that makes up the majority of the image 
(white dotted line across image). This feature appears denser and also shows a 
number of cracks or voids within and towards the edge of this structure. 
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Figure 68a SEM OPC @ 0.5wc after 7 days 
Figure 68b SEM OPC @ 0.5wc after 7 days 
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Figure 69c SEM OPC c@ 0.5wc after 28 days 
Figure 69 SEM OPC + 0079 @ 0.5wc after 7 days 
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6.4 Discussion 
The preliminary research set out to develop a preferred system for further investigation. 
However, the majority of the work involved method development and little investigation 
of different systems. The initial research program has identified key findings when 
sodium silicate is added to OPC/Pozzolan based systems. The addition of soluble 
sodium silicates to OPC appears to have a pronounced effect on setting rate, strength 
development, amount of bleed water produced during sample preparation and free 
water retained in the solidified mass after curing. When OPC is initially mixed with 
water, a small amount of calcium ions are leached from the different OPC phases to 
form a solution of calcium hydroxide. Soluble silicate adds an already active and 
mobile form of silicate that competes for the Ca 2+ ions produced from the dissolution of 
the OPC grains to produce a silica rich alkali silica 'gel'. It has been suggested by 
other researchers that the reaction with the sodium silicate may proceed by 
polycondensation with a linking of calcium ions [Ikeda 1997]. 
The formation of ettringite, which coats OPC grains to reduce the flow of water for 
hydration reactions to continue, requires Ca 2+ ions to form. The removal of Cat' ions 
due to the presence of sodium silicate may reduce the production of ettringite, thus 
reducing its effect on the retardation of OPC hydration. With decreased calcium 
concentrations, ettringite formation occurs away from and not solely on C3A grains, 
therefore its usual retardation effect is reduced, a process which has been suggested 
by other researchers [Stein & Stevels 1964]. However, it is possible that a Ca silicate 
`gel' forms around and 'encapsulates' cement grains. This early formation of a 'gel' 
reduces set times, but has a detrimental effect in retarding the progression of normal 
cement hydration by starvation of water. 
With the addition of 0100, an early set acceleration occurs, followed by a later 
retardation. The chemical content of the three sodium silicates shows an increase in 
alkalinity with the silica content remaining relatively the same. The alkalinity increase is 
reflected in the increase in pH. It has been suggested by other researchers that an 
increase in alkalinity depresses the solubility of calcium via the common ion effect 
[Glasser 1997]. The availability of calcium may be reduced and once the sodium 
silicate has been used, the system may become calcium starved and normal OPC 
hydration reactions may never go to completion. 
Early strength development is produced by the acceleration of set by the formation of 
alkali silica 'gels'. Later retardation of strength development (28 days) may be caused 
by calcium starvation and the amount of free water within the system. However, 
strength results are more likely to be controlled by the increase in porosity volume 
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produce when sodium silicate is added to OPC mixes. The high amount of free water 
is indicative of high porosity and the cracking observed in SEM analysis would also 
contribute to a reduction in strength. This volume loss suggests that the alkali silicate 
'gel' is undergoing change, primarily from alkali pore fluids causing depolymerisation of 
the 'gel' structure. The addition of 0100 retards strength development during both the 
early and latter stages. The high pH associated with this grade can affect the solubility 
of calcium reducing the amount available for OPC hydration. The addition of sodium 
silicate reduces bleed water when preparing the samples. The calcium-silica rich gel 
formed with the addition of sodium silicate holds all of the available water, which if not 
combined in OPC reactions remains as free water. The amount of 'free' water within 
the solidified mass increases with sodium silicate addition and mix water content. The 
water is most likely held within capillary pores. This increase in water content produces 
a lower strength material due to the increase in the number of voids created by the 
larger volume of water retained. 
The results show that the addition of sodium silicate reduces the time of set for 
samples replaced with 80% PFA, GGBS and microsilica, the effect being most 
noticeable with the addition of a high ratio sodium silicate (0079). Samples with 20% 
replacement of PFA, GGBS and microsilica retard setting when lower ratio sodium 
silicates (i. e. 0096 and 0100) are added, although, any addition of sodium silicate will 
show an early increase in the setting rate. This suggests that a small reduction in OPC 
content affects the setting. The bleed and free water results suggest that a 
combination of sodium silicate and large amounts of PFA and GGBS retain the largest 
amount of water within the solid mass, reducing time of set and inhibiting strength 
development. Results obtained from 20% replacement of Metakaolin and Rice Husk 
Ash also show a reduced set time with sodium silicate addition which is largely 
unaffected by the difference in sodium silicate ratio used. Particle size of the 
pozzolans used can affect the reactivity of the material since an increase in surface 
area will increase the number of active/reactive sites. Metakaolin has the smallest 
particle size of all the pozzolans and this is reflected in its fast set and early strength 
development with microsilica having the largest particle size, producing slow set times 
and relatively poor strength development. Rice husk ash particle size is large 
compared to the other pozzolans but results do not suggest this has an effect. The 
high carbon variety of rice husk has approximately 25% carbon associated with the 
particles, but the carbon does not seem to affect the ability of the material to set 
rapidly. 
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Pozzolans have a bulk density lower than OPC and 20% replacement of OPC is 
determined by weight. This means a larger volume of these pozzolans is added to the 
mix, which can lead to a problem with mix water availability. Lowering the available 
mix water will reduce set time and increase strength development. The added mix 
water cannot surround all of the pozzolan particles producing a poorly mixed mass that 
produces an early set. The problems associated with 'wetting' pozzolanic materials 
has been noted by other researchers with Metakaolin [Zang and Mahlotra 1996] and 
rice husk ash [James, 1992; Amer, 1997). The replacement of OPC with all 
pozzolanic materials reduces the acid neutralisation capacity of the solidified product. 
However, at high pozzolan loadings, the addition of sodium silicate shows a small 
improvement in the ANC. The reduction in OPC is the dominating factor in controlling 
the ANC of different sample mixes. 
6.5 Conclusions 
The initial experiments into the interactions of sodium silicate with OPC and pozzolanic 
materials has shown that sodium silicate reduces set times, reduces strength 
development and increases the porosity of the final solid form. The reduction in set 
times is caused by the formation of 'gel' structures which retain large amounts of water 
thus 'stiffening' the mix. These 'gel' formations can surround cement grains inhibiting 
normal cement hydration. The voids created by these structures are detrimental to 
final strength as a result of sodium silicate depolymerisation caused by alkali rich pore 
fluids. The dilution of the systems by replacing cement with pozzolanic material is 
demonstrated by reduced strength. However, with the results provided from the 
experiments carried out, it is not possible to make definitive conclusions on the actions 
of the pozzolanic materials used. 
The initial research program has provided important information on the manner in 
which sodium silicate addition affects OPC/Pozzolan systems and some mechanisms 
have been put forward. More detailed investigations were hampered by the large 
amount of method development required to produce a set of procedures and the large 
number of materials used. A refined system must be used to investigate how sodium 
silicate addition interacts with different waste types. The addition of 0079 to 
waste/OPC systems is the subject of further investigation. 
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7.0 The effect of sodium silicate on OPC/waste based systems 
7.1 Introduction 
Results from the initial experimental programme demonstrated that due to the large 
number of variables studied, it was imperative to concentrate on the most important 
systems. It was therefore agreed that only one sodium silicate type (0079), OPC, 
Metal/Organic Sludge (MO), and Municipal Solid Waste (MSW) incinerator Air Pollution 
Control (APC) residues would be further investigated in this section. Sodium silicate 
0079 was chosen due to its low production costs and setting performance during the 
preliminary investigations. 
The aim of this chapter is to investigate three principle areas of solidification and 
stabilisation of the materials under investigation: 
Experimental Stage I- Investigate the effects of waste and sodium silicate additions 
on the setting and strength development of the final product. 
Experimental Stage 2- Examine the internal structure of the solid form during strength 
development and determine the possible reaction mechanisms involved in this process. 
Experimental Stage 3- Determine the ability of the solidified waste forms to withstand 
fluid attack and consider the processes involved in relation to contaminant release. 
The following experimental programme outlines the research involved to investigate 
these stages. However, a fundamental part of the research program is to prepare the 
right mix designs that will be used throughout this study. 
7.2 Mix design 
Three different mix designs were used for the addition of waste to 0079 and OPC 
mixes and these are presented in Table 31. The physical and chemical 
characterisation of these materials is presented in Chapter 5. The aim of using 
different orders of material addition was to investigate the effect 0079 has on the waste 
before OPC is added and compare the results against mixes where 0079 is added to 
the OPC/Waste mix. The final mix design is used as a control mix with no 0079 added. 
Table 31 Order of material addition for mix designs 
Mix Design Order of Addition 
MDI Waste + Water + OPC+ 0079 
MD2 Waste + Water + 0079 + OPC 
MD3 Waste + Water + OPC 
142 
Table 32 shows the different quantities of materials added together in the different mix 
designs (values are in grams). All mixes were designed to a fixed total solids and fixed 
total water/solid ratio (W/S), which involves reducing the amount of OPC and water 
added with respect to mix designs MD3. The amount of water and solids present in 
0079 is determined from the material characterisation. Overall, waste replacements 
used ranged from 5% to 30%, however, for the leaching experiments, waste additions 
of up to 80% were used. 
Table 32 Mix designs and material quantities 
5% Waste 
M1/2 M3 
10% Waste 
M1/2 M3 
15% Waste 
M1/2 M3 
20% Waste 
M1/2 M3 
30% Waste 
M1/2 M3 
0079 water 17.35 - 17.35 - 17.35 - 17.35 - 17.35 - 
0079 solids 10.65 - 10.65 - 10.65 - 10.65 - 10.65 - 
0079 (total) 28 28 - 28 - 28 - 28 - 
OPC 321.85 332.5 304.35 315 286.85 297.5 269.35 280 ¬ 234.35 245 
Added water 157.65 175 157.65 175 157.65 175 157.65 175 157.65 175 
Total water 175 175 175 175 175 175 175 175 175 175 
Waste 17.5 17.5 35 35 52.5 52.5 70 70 105 105 
Total solids 350 350 350 350 350 350 350 350 350 350 
Total all 525 525 525 525 525 525 525 525 525 525 
WIS 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
awes in grams 
Although the mix designs were set at a total fixed solids with regard to all the materials 
added, because of the difference in bulk density of the waste materials, the volume of 
the mixes increased as the amount of waste increased. Table 33 shows how the 
density of the two different waste types affects the total solids by volume. The W/S ratio 
by volume decreases as the percentage waste added in the mix increases. The 
reduction in the W/S ratio by volume has a detrimental effect on mixing, especially 
when high waste loadings are used. When mixes using 80% waste were prepared, 
additional water was added so that the mass could be mixed thoroughly. The amount 
of water added was determined by fixing the W/S by volume to the value produced for 
30% waste addition. Table 34 shows the additional water added when 80% waste 
mixes were investigated. The amounts added are different for each waste type, which 
is controlled by the volume (density) of the waste. 
Table 33 Total solids and W/S ratio as a function of waste volume 
5% 10% 15% 20% 30% 80% 
APC (cm) 30.70 61.39 92.09 122.78 184.17 491.12 
MO (cm) 40.075 80.15 120.225 160.3 240.45 641.2 
APC TS (cm3) 363.2 393.89 424.59 455.28 516.67 823.62 
MO TS (cm) 372.58 412.65 452.73 492.8 572.95 973.7 
APC WISv01 0.482 0.465 0.449 0.434 0.408 0.408 
MO W/S°01 0.470 0.443 0.419 0.397 0.360 0.360 
TS = Total solids including OPC in the mix, W/S = W/S as a function of volume instead of weight 
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Table 34 Mix designs for 80% waste replacement & OPC/OPC+0078 
80% APC 
M1/2 M3 
80% MO 
M1/2 M3 
Controls 
OPC+0079 OPC 
0079 Water 17.35 17.35 - 17.35 - 
0079 solids 10.65 - 10.65 - 10.65 - 
0079 28 - 28 - 28 - 
OPC 59.35 70 59.35 1 70 339.35 350 
Added Water 211.5 229 239 256 157.65 175 
Total Water 229 229 I 256 256 175 175 
i 
Waste 
+! 
280 280 280 280 -- 
Total Solids 350 350 350 350 350 - 
WIS 0.654 0.654 0.732 0.732 0.5 0.5 
Values in grams 
Experimental investigations using 80% waste replacement of OPC were only carried 
out on mix design 2 and mix design 3. The main reason for this decision was to reduce 
the amount of experimental work and investigate how 0079 addition to each waste type 
affects the S/S process. Experimental work using two mix designs is mainly confined 
to contaminant release and SEM investigations using mix designs MD2 & 3. 
7.3 Experimental stage 1 
The first stage of the program involves investigating the processes involved when 
OPC, 0079 and each waste type are mixed together to form a solidified product. The 
experimental work involved investigating the sample mixes for rate of set, strength 
development, amount of bleed water present after the mixing has been completed and 
the amount of internally held or evaporable water. 
7.3.1 Effects on setting time 
All mixes were prepared according to the method detailed in chapter 3, section 3.3 
using a Kenwood Chefrm mixer with a 'K' blade. Figures 70 (a, b& c) show setting 
times for three different mix designs with the replacement of OPC with APC. Time 
(minutes) is plotted along the x-axis and penetration depth at 0.1mm intervals is plotted 
along the y-axis. As the samples begin to set, the depth to which the cone on the cone 
penetrometer penetrates should reduce as the setting mass becomes solid and 
therefore, more difficult to penetrate. Figure 70a shows the effect of APC addition 
using mix design one (MD1). As the amount of APC addition is increased, the rate of 
set becomes slower. This activity is observed to 15% replacement of waste. As the 
amount of APC is increased past 15%, i. e. 20 to 30%, the time required for the mix to 
set is reduced. This trend is also observed when MD2 is used (Figure 70b), although 
the setting times are slightly slower compared to MD1. When the quantity of APC is 
increased to 80%, there is little difference to that of 30% waste addition. Figure 70c 
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represents the setting times produced when 0079 is not added to the mix. The same 
trend is observed with respect to the increase in APC in the mixes shown in Figures 
70a &b when 0079 is added. 
Figures 71 (a, b& c), show setting times for three different mix designs with increasing 
amounts of MO. As the amount of MO replacement is increased, the rate of set 
becomes slower (Figure 71a). This activity is observed up to 20% addition. The 
replacement of OPC with 30% MO shows an initial faster set compared to 15% and 
20% replacements although the latter stages of the setting reaction show a slower 
setting rate. This trend is also observed in Figure 71b, which involves mixing the 
materials in accordance to MD2, although the setting times are marginally slower. 
Increasing the amounts of MO produce a slower set to a point where larger additions 
(20 and 30%) produce an initial set slightly faster than the lower amounts of MO at the 
beginning of the reaction and a slower set towards the final set of the mix. The 
increase of MO to 80% produces a setting profile slower than the previous examples, 
with no final set after 500 minutes. Figure 71 c represents the setting times produced 
when 0079 is not added to the mixes. The only mix that achieves a set is the sample 
with 5% of MO with the 80% addition remaining in a semisolid state up to 5 days later. 
All mixes greater than 5% addition fail to reach a set after 4000 to 5000 minutes (about 
3 days). Early stiffening is observed in all of these samples that failed to set, but the 
setting times increase with increasing percent replacements of OPC with MO. 
Figure 72 shows the control samples when OPC is mixed with 0079 in accordance with 
the three mix designs without the addition of waste. Set time reduction is observed 
with both mixes with 0079 addition although MD2 shows a longer set time than MD1. 
This mix is also similar to the OPC alone system towards the end of the setting period. 
All mixes that include waste and the addition 0079 (except for the 80% MO mixes) 
produce faster set times than an OPC alone system. It is also to be noted that mixes 
with APC waste replacement and no 0079 set faster than an OPC alone mix. 
The addition of 0079 to APC/OPC systems shows little effect on the setting rate of the 
mix. The changes observed in set rate are predominantly controlled by the increase 
and the chemical composition of APC. However, the addition of 0079 to a MO/OPC 
mix reduces set times dramatically suggesting that 0079 reduces the effect of waste on 
the setting of the mass. 
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Figure 70a Setting times - APC/OPC+0079 MDI 
Figure 70b Setting times - APC/OPC+0079 MD2 
Figure 70c Setting times - APCIOPC MD3 
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Figure 71a Setting times - MOIOPC+0079 MDI 
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7.3.2 Effects on strength development 
After each mix has set, the solid mass can be analysed for continuing strength 
development by testing for unconfined compressive strength (UC Strength). All 
strength experiments were carried out in triplicates with the average presented in 
Newtons per mm2 (N/mm2). When investigating the strength development, the size 
and dimensions of the cores used were changed to fit the maximum load allowable on 
the instrument used for the test. At seven days, both core types were used and 
compared to investigate any errors that may occur when using two different cores. The 
average and standard deviation between the results are presented to determine any 
error. Cores of dimension (31 mm x 31 mm) were used for I and 7 day investigations 
and cores of dimension (42mm x 21 mm) were used for 7,28 and 56 day tests. All 
mixes using 80% waste addition used the (42mm x 21 mm) cores (see chapter 3, 
section 3.5 for further information regarding the use of different cores). The aggregate 
data for all strength experiments can be found in Appendix 4. 
Figures 73 (a, b, c, d, e& f) show the strength development at 1,7,28, and 56 days for 
all mix designs with the replacement of OPC with increasing amounts of APC. Time in 
days is plotted along the x-axis and strength (N/mm2) is plotted along the y-axis. 
These Figures show that as the amount of APC increases, the resulting strength of the 
core is reduced. In Figure 73a, after I day of curing, strength development between 
the different mix designs are similar with the 0079 addition mixes showing a slightly 
greater strength compared to the mixes without 0079 addition. As strength 
development continues, the. mix without 0079 shows improved development in strength 
and this continues to 56 days. As the amounts of APC are increased (Figures 73 b to 
f), the development in strength is lower with the mixes without 0079 always have a 
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greater strength than those with 0079 after 7 days of cure. The difference in strength 
between 0079 mixed samples and the mix without 0079 is reduced as the amount of 
APC is increased. At 30% and 80%, replacement of OPC with APC there is little 
difference between the samples mixes although the trend of samples without 0079 
producing greater strength development still continues. In summary, MD1 shows an 
improved strength development than MD2, with MD3 (no 0079 added) producing the 
greatest strength development after 56 days of cure. 
Figures 74 (a, b, c, d, e& f) show strength development when OPC is replaced with 
MO. No strength is observed after one day for samples with 10 to 80% replacement 
with MO sludge and no 0079 addition due to a failure to set after 1 day. In nearly all of 
the sample mixes, the addition of 0079 improves strength development although the 
effect of using MD1 or MD2 cannot be determined. As strength develops in all of the 
mixes after 7 days of cure, the difference between MO/OPC systems with and without 
0079 is reduced, although MO/OPC systems with 0079 tend to produce a higher 
strength after 56 days (Figure 74f). The strength development achieved when 0079 is 
added to the MO/OPC systems is generally higher than those produced when using 
APC replacement with added 0079 (Figures 73 a to f). In summary, the addition of 
0079 to APC/OPC mixes produces a reduced strength development, whereas this 
trend is reversed when MO is used as the waste type. 
Figure 75 shows the control samples of OPC and OPC mixed with 0079. MD1 shows 
an improved strength development after 1 day of curing. After 7 days, the OPC alone 
system always produces a higher strength development than mixes with 0079 addition, 
which increases up to 56 days. MD2 shows weaker strength throughout the curing 
period. When 5% APC is used in the mix, a greater strength is developed compared to 
the OPC alone system which is reversed when the amount of waste exceeds 10%. 
Mixes with MO/OPC+0079 up to 20% MO produce greater 1-day strength than the 
OPC alone system. In nearly all mixes, the addition of 0079 to the system produces 
greater 1 day strength than the systems without 0079. 
The results shown demonstrate how the addition of 0079 to an OPC/APC mix has a 
detrimental effect on strength development which is also observed in the OPC control 
samples. However, as observed during the setting experiments, the addition of 0079 to 
a MO/OPC mix improves strength development. 
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7.3.3 Bleed water 
Bleed water is the additional or excess water not required for normal OPC hydration 
reactions and appears on top of the sample after the mix has been allowed to stand for 
a period of time. Bleed water analysis was carried out when the materials have been 
mixed and allowed to set for one hour (see section 3.5). Figure 76 shows the amount 
of bleed water of mixes with increasing amounts of APC using all mix designs and MO 
using MD3 (no bleed water was observed for mixes with the addition of MO when 0079 
was added). The amount of waste added is plotted along the x axis and the amount of 
bleed water produced as a percentage of the total mixed mass by weight is plotted 
along the y axis. An increase in APC produces an increase followed by a decrease in 
the amount of bleed water when 0079 is added to the mix. Samples without 0079 
addition show a large amount of bleed water at 5%APC replacement with a decrease in 
bleed water as the amount of APC increases to 15%. The mix with MO and OPC alone 
shows a large amount of bleed water at a low percentage replacement (5%), which 
decreases to zero as the amount of MO is increased. No bleed water was observed for 
all samples above 20% waste replacement. 
The addition of 0079 to a APC/OPC mix reduces the amount of bleed water, although 
increasing APC replacement of OPC also has an effect on bleed water reduction. The 
reduction of bleed water by the addition of 0079 is most evident however for MO/OPC 
systems. 
7.3.4 Evaporable or `free' water 
Evapourable or 'free' water is the fluid that is not chemically bound in the solid waste 
form and can be removed with an elevation in temperature. Figures 77 to 79 show the 
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amount of evaporable or free water associated with all samples after 1,28 and 56 days 
of curing. Waste amount is plotted along the x axis and free water produced as a 
percentage of the total mixed mass by weight is plotted along the y axis. Figure 77a 
shows an increase in evaporable water as the percent replacement of OPC with APC 
increases with MD1 having a larger amount than MD2. Both mixes with 0079 addition 
have a larger amount of `free' water in the solid samples than the mix without 0079 
addition. As the sample cures to 28 days (Figure 77b) the same trend, with respect to 
the increase in APC, is observed, although all evaporable water values decrease as 
cure time increases. The increase in evaporable water with increasing APC 
replacement begins to be prominent at approx 20-30% replacement and more evident 
at 80%. Figures 78 (a, b& c) show the amount of evaporable or free water when 
increasing amounts of OPC are replaced with MO. All sample mixes show an increase 
in evaporable water with increasing amounts of MO sludge replacement with the mix 
without 0079 addition showing a larger increase than MDI and MD2 after one day of 
curing (Figure 78a). As the samples cure to 28 and 56 days, (Figures 78 b& c) the 
trend of increasing amounts of evaporable water with increasing amounts of MO 
remains the same for all mixes, although the total amounts are reduced and the 
samples mixes with 0079 added show larger amounts of free water than mixes without 
0079 (the reverse of the observation made at 1 day of cure). Figure 79 shows the 
amount of free water produced from the control samples at 1,28 and 56 days. As the 
cure time of the samples increase, the amount of free water is reduced with the 
samples mixed with 0079 having larger amounts of free water than the OPC alone 
system. 
The addition of 0079 and increasing the amount of waste increases the amount of free 
water in the solid mass. The amount of free water decrease as the curing period 
increases. However, for the MO/OPC mix after I day of cure, a larger amount of free 
water is observed compared to the mix with 0079 addition. 
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Figure 77a Free water after I day of cure for APC waste addition. 
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Figure 78c Free water after 56 day of curing for MO waste addition. 
Figure 79 Free water after 1,28 and 56 day of curing for OPC controls. 
7.3.5 Discussion 
After the completion of stage 1 of the research into the addition of waste to OPC/0079 
systems has produced a number of important findings. The effect of adding 0079 to 
OPC/APC systems show little effect on the set rate and tends to have a detrimental 
effect on the strength development, particularly after 7 days of curing. This suggests 
that 0079 is not involved or not the dominating factor in the observed difference in set 
rate compared to the control samples which show how 0079 addition reduces the rate 
of set. The addition of 0079 does however lead to a reduction in bleed water during the 
mix stage and a larger amount of free water within the solid mass, which suggests that 
the addition of 0079 is reacting with components of the system to form fluid retaining 
structures. These structures formed may have an effect on the strength development 
of the solid mass as cure continues. A large retention of fluid suggests a larger internal 
porosity, which can be detrimental to the final strength of the solid mass. The effect on 
set rate must, therefore be controlled by physical and chemical characteristics of the 
waste itself of which there are two dominating features. With reference to the mix 
design, as the amount of APC increases, the W/S by volume decreases. This would 
reduce the set rate due to water starvation of the system. It is well established that 
decreasing mix water reduces set times and it can be seen from the mix design that the 
increase in APC reduces the W/S ratio as a function of volume. The APC waste also 
contains a high percentage of chloride, probably as halite (NaCI) and sylvite (KCI). It 
has been demonstrated by other researchers that chloride can act as a set accelerator 
[Mattus & Mattus, Redmond et al, 1998,1999]. In addition, other researchers have 
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found that at 10% addition of APC to an OPC system, strength development is 
improved [Cheong, H-K, Tay, J-H, Show, K-Y, 2000; Hwa, T-J, Kiat, C-H, 1991]. 
The observations made when 0079 is added to MO/OPC systems however are 
different to those observed with APC. The addition of 0079 reduces set times and 
improves strength development compared to the MO/OPC system alone. The 
dominating mechanism must therefore involve the reaction of 0079 with components of 
MO or OPC. MO contains high concentrations of metal species and also organic 
species that were undetermined during characterisation of the waste. It has been 
established by other researchers that components of waste can interfere with the 
'normal' hydration reactions and retard the initial CSH gel formation [Hills, Sollars and 
Perry, 1994 Hills and Pollard, 1997]. The addition of 0079 is therefore creating a 
barrier between the components of the waste and individual OPC grains so that the 
retardation effect usually observed when waste containing high metal and organic 
loadings is added to OPC does not occur. Other researchers using sodium silicate and 
metal containing wastes have indicated that a mixture of sodium silicate and OPC 
appeared to precipitate most interfering ions in a gelatinous mass [Tseng, Dyl-Hwa, 
1988]. The MO/OPC+0079 systems also retain larger amounts of fluid within the solid 
form than systems without 0079 addition. Silica 'gels' tend to hold large amounts of 
water which also indicate the formation of a 'gel' barrier between the waste and the 
OPC grains. 
7.3.6 Summary 
The main points identified when 0079 is added to APC/OPC, MO/OPC and OPC 
systems from experimental stage 1 are; 
" No effect on the setting rate of an APC/OPC mix. Set rate controlled by the 
replacement of OPC with APC. The high concentration of chloride and the 
increase in APC volume produce the observed set rates. 
" Reduced setting rate for an MOJOPC mix. The addition of 0079 reduces the 
interaction of MO with OPC hydration. Possible 'barrier' formed by 0079 around 
MO 
"A reduction in strength development and final strength for an APC/OPC mix. 
Larger internal water content with 0079 addition, possible high porosity values 
reducing final strength. 
" Improved strength development and final strength for a MO/OPC mix. Although 
0079 addition increases the amount of water within solid form, this effect is 
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overcome by the interaction of 0079 with MO. This process is dominant during 
early strength development. 
" Initial 1 day strength improvements are demonstrated for the control samples 
with a reduction in strength development and final strength after 56 days. High 
water content within solid form increasing set and thus early strength. This is 
detrimental to strength development after 1 day. 
" Addition of 0079 to OPC reduces set times by predomanlty water absorbtion. 
This has a detrimental effect on strength development as a result of the 
possible increased internal porosity. 
" Mix design differences dilute the added 0079 reducing its effect on water 
retention, set time reduction and reduced strength development 
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7.4 Experimental stage 2 
The second part of the research into the effect of 0079 on OPC/Waste systems 
involves examining the internal structure of the solidified waste forms. This can 
primarily be investigated by determining the internal porosity of the solid mass, 
examining the potential of fluids to pass through or into the solid mass and by using 
SEM techniques to produces high magnification images of the internal structure and 
provide qualitative data on elemental distributions throughout the final solidified waste 
form. 
7.4.1 Measured porosity 
Once a mix of waste, OPC and 0079 has set into a solid mass, the internal structure 
can explain the results from the set and strength development investigations and 
provide valuable information on the potential of the material to breakdown when 
attacked with aggressive fluids. Measurement of the number and size of internal pores 
within the solid mass can determine the ability of the solid to withstand loads and allow 
fluids to enter and react with the internal components of the solid. The methodology 
and sample preparation can be found in chapter 3. 
The tabulated raw data for all porosity measurements can be found in Appendix 4. 
These tables show the total porosity and the pore volumes at <0.05µm and >0.05gm 
pore diameter for sample mixes at 10,30 and 80% waste replacement after 1,28 and 
56 days of curing. As a quality control, an intrusion-extrusion-intrusion method was 
used for a selection of samples and the total porosities produced by both intrusions 
were compared to determine if there was any material breakdown and instrumental 
error. The standard deviation for the two intrusions is presented in Appendix 4. Figure 
80 shows a porosity profile for cured OPC (1 and 28 days) with pore diameter along the 
x axis and pore volume along the y axis. The profile shows how the porosity is reduced 
from 1 day to 28 days of cure with a shift towards smaller pores with increasing time of 
cure. All other porosity measurements are presented graphically to compare pores 
sizes at >0.05µm and <0.05µm and the changes that occur when 0079 is added to 
OPC/Waste mixes. 
Figure 81 illustrates the porosity volumes at >0.05pm and <0.05µm produced from the 
control samples OPC+0079 and OPC mixes with no waste addition. Mix design is 
plotted along the x axis and pore volume along the y axis. After I day of cure, all mixes 
show larger porosities in the >0.05µm with MD1 showing the lowest total porosity. 
MD1 and MD2 also produce the largest porosity in the <0.05pm region. As cure 
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continues to 28 days, pore sizes shift towards the <0.05pm region and total porosities 
reduce in volume. The OPC alone system (MD3) produces a larger increase in the 
<0.05gm pore volume region than both OPC+0079 mixes (MD1 & MD2) as the solid 
product cures from 1 day to 28 days. 
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After 56 days, nearly all of the porosity appears in the <0.05pm region with the OPC 
alone system producing the lowest total porosity although similar values are obtained 
for the >0.05µm region for both 0079 added and OPC alone mixes. 
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Figure 82a illustrates the total porosity and porosity volumes >0.05µm and < 0.05 µm 
with 10% APC replacement using all three. mix designs and a curing time of I to 56 
days. After 1 day of cure, the majority of the porosity in all mixes appears in the 
>0.051im pore volume region. Mixes with 0079 addition show slightly larger total 
porosities and pore volume diameters in the <0.05gm region. As sample cure 
continues, there is a large shift towards smaller pores for all mixes with 0079 addition 
showing the largest amount compared to the APC/OPC alone systems. Porosity 
>0.05gm appears similar for all mix types at 28 day cure. After 56 days, the total 
porosity has reduced for both mixes shown with the 0079 added mix producing larger 
porosities for both pore volume regions and total porosity. In general as curing 
increases, porosity decreases with 0079 added mixes producing larger total porosities 
and pore volumes in the <0.05µm region. 
Figure 82b shows the total porosity and porosity volumes >0.05µm and <0.05µm with 
30% APC replacement using all three mix designs and curing times from I to 56 days. 
Total porosity values are larger when the amount of waste added increases from 10 to 
30%. After 1 day of curing, both 0079 addition mixes show larger total porosities than 
the APC/OPC alone mix. MD2 produces a very large porosity volume in the <0.05µm 
region compared to the other two mixes. After 28 days, the total porosity values 
decrease with MD1 and MD2 showing larger porosity volumes in the <0.05µm region. 
There is no observable difference in the pore volumes in the >0.05pm region for all 
three mix designs. After 56 days, the mixes shown appear to increase in total porosity, 
although larger pore volumes in the <0.05µm region for mixes with 0079 addition still 
occur. 
Figures 83 (a & b) show the porosity measurements for samples with OPC replaced 
with 10 and 30% MO sludge at I and 28 days of curing. Porosity measurements after 
1 day for 10% MO addition are comparable with the control samples, although the 
<0.05pm region is larger producing a larger total porosity. The sample with no 0079 
addition shows the largest porosity for both <0.05pm and >0.051. tm regions. After 28 
days, there is a decrease in the >0.05µm and an increase in the <0.05pm region. 
There is little difference in the porosity measurements after 28 days for all mixes with or 
without 0079 addition. The mixes with 30% replacement of OPC with MO (Figure 83b) 
show larger total porosities after 1 day of cure than mixes with 10% MO replacement 
(no results for 30% replacement of MO with no 0079 addition due to no set after 1 day). 
As curing time increases to 28 days, there is a decrease in total porosity, although the 
values are still larger than mixes with 10% replacement and there is an increase in the 
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porosity in the <0.05pm region. The mix with no 0079 addition produces the largest 
total porosity at 28 days of cure. After 56 days, all mixes produce similar porosity 
measurements, with the mix with no 0079 addition producing the lowest value. 
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Figure 84 shows the porosity measurements for mixes with 80% APC and MO 
replacement after 56 days. Total porosities are larger than those produced with lower 
waste replacements and mixes with APC replacement show the lowest total porosity 
compared to mixes with 80% replacement with MO. 
Although there appears to be some inconsistencies with the porosity results produced 
during the preliminary investigations and the waste addition experimental work, there is 
a general trend of increased porosity with 0079 and waste addition. Larger pore 
volumes in the <0.05mm region are observed for mixes with 0079 addition which is in 
contradiction to the results obtained during the preliminary work. However, 
improvements to the mixing methodology may account for this observed difference. 
7.4.2 Sorptivity analysis 
The porosity of the solidified products can provide details on the ability of leaching fluid 
to enter the solid mass. However, the measurement of porosity is applied under 
pressure which may not occur in 'real' environments. The ability and rate of fluid 
transport into and possibly through a solid mass can be determined by a sorptivity test 
(see chapter 3 for test details). Sorptivity tests were carried out after 56 days of curing 
time. 
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According to the method described in chapter 3, an estimate of the surface effects (So) 
with respect to the amount of pores already filled with fluid should be taken into 
account, although all samples are prepared under the same relative humidity. This is 
achieved by measuring the solid mass at complete saturation and total dryness after 
the completion of the experiment. Unfortunately, sample breakdown occurred during 
analysis (especially for samples with 80% APC addition) and it was not possible to 
make estimates with these samples. Additionally, after the control mix (OPC+0079) 
was dried and then placed in water to achieve total saturation, massive sample 
breakdown occurred with large cracks appearing throughout the solid mass (see 
Figures 85 a, b& c). This was not observed with the OPC mix. 
Table 35 shows the physical measurement data for all sorptivity samples tested. 
These measurements are used to calculate the surface area from which the graphical 
plots of water absorption/surface area against root time are produced. Full raw data for 
the analysis can be found in Appendix 4. Table 35 also includes the sorptivity values 
which are calculated from the sorption of water over the first two hours of testing. 
Table 35 Sample physical parameters and sorptivity 
Height Diameter Radius Area mm' Sorptivity 
30APC 40.25 120.32 60.16 11370 0.1648 
30APC+0079 45.63 119.96 59.98 11302 0.1386 
30M0 43.01 121.64 60.82 11620 0.0783 
30MO+0079 42.38 120.09 60.05 11326 0.0123 
80M0 44.87 119.56 59.78 11226 0.3082 
80MO+0079 44.94 119.79 59.90 11270 0.1235 
80APC 46.75 120.72 60.36 11445 0.0496 
80APC+0079 47.77 120.82 60.41 11464 0.0680 
OPC 40.46 120.85 60.43 11470 0.1378 
OPC+0079 40.53 120.46 60.23 11396 0.0205 
Figure 86a shows the absorption profile produced from the control samples OPC and 
OPC with 0079 addition. Root time in minutes is plotted along the x axis and water 
absorbed/sample surface area is plotted on the y axis. The OPC alone mix produces a 
faster absorption rate than the OPC+0079 mix which is also shown in the respective 2 
hour linear profile (Figure 86b). Figure 87a shows the full sorptivity profile for mixes 
with 30% replacement of OPC with MO. Water is absorbed at a faster rate at the 
beginning of the test although absorption remains steady throughout the test. The mix 
with the addition of 0079 produces the lowest absorbtion rate and sorptivity (Figure 
87b). When APC is used to replace OPC at 30%, the initial absorbtion rate is faster 
than the equivalent mixes with MO (Figure 88a). Towards the end of the test, a weight 
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loss is observed and as with the 30% MO mixes, the mix with 0079 addition produces a 
lower absorption rate and sorptivity (Figure 88b). Figure 89a shows the rate of water 
absorption for 80% replacement with MO. The initial rate of water absorption is faster 
than the equivalent mixes with 30% MO which is also reflected in the increase in 
sorptivity values. As with all of the previous samples, the mix with 0079 addition 
produces a slower water absorption rate compared to the mix without 0079 addition 
and subsequently a lower sorptivity (Figure 89b). Figure 90a shows the absorption 
profile for mixes with 80% replacement of OPC with APC with and without the addition 
of 0079. The initial absorption rate is slower than the profile shown with 80% 
replacement of OPC with MO and a rapid weight loss occurs after approx 10 hours of 
absorption. This weight loss produces a final sample weight below the original starting 
weight at the end of the experiment. This weight loss is linked to the observed lumps 
of the solid product found on the filter papers suggesting a structural breakdown during 
the sorptivity test. The lower sorptivity values for both mixes with 80% replacement of 
OPC with APC (Figure 90b) reflects the initial lower absorption rate. 
The addition of 0079 to waste/OPC and OPC samples reduces the uptake of fluids as 
demonstrated by the reduced sorptivity profiles and calculated values. However, due 
to the problems with sample breakdown observed with APC/OPC mixes, these values 
may not be true sorptivity values. In addition, there is a loss in weight for both the 
80APC/OPC mix with and without 0079 addition which may not be the expected results 
with regard to observations made in the previous experiments. Analysis of the 
experimental procedure identified a possible error in the process since both samples 
were placed on different filter paper pads, but in the same tray of water. The 0079 
present in one mix may have leached out into the water in the tray and infiltrated the 
mix without 0079 addition producing a similar sample breakdown to that observed in 
APC/OPC/0079 solid waste forms. Unfortunately, this was not realised until completion 
of the experimental work and therefore a repeat test under different conditions could 
not be carried out. 
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Figure 85a OPC+0079 (left) and OPC (right) after drying and saturation in water 
Figure 85b OPC+0079 after drying and saturation in water (side view) 
, 
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Figure 85c OPC+0079 after drying and saturation in water (top view) 
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7.4.3 Scanning Electron Microscopy (SEM) analysis 
Scanning Electron Microscopy (SEM) analysis was carried out on a range of samples 
mixes including control samples (OPC and OPC+0079), waste additions with and 
without 0079. The SEM images shown aim to show the effect of adding 0079 to both 
OPC and sample mixes with waste replacement of OPC. All elemental analysis carried 
out is qualitative and no standards have been used to determine the concentrations of 
elements associated with individual structures. The elemental maps and linescans 
provide information on the dominating elements rather than the exact elemental 
concentrations. 
Figure 91 a shows a SEM image of OPC after 1 day of curing (scale is shown in the top 
left corner of the image). There are two main identifiable features in the image, the 
large white mass marked 'A' and a grey mass marked 'B' surrounded by a finer grained 
ground mass. Figure 91b shows an image of OPC after 28 days of cure. The white 
feature marked 'C' has a dark grey rim around the edge. Areas marked 'D' identify 
original white masses that have been completely altered to the material seen as rims 
around the larger white masses. These identified features are indicative of the 
hydration products of OPC. The white mass 'A' is an OPC grain, the mass marked 'B' 
is portlandite (calcium hydroxide) and are common products found in SEM images of 
samples of OPC after mixing with water. The mass marked 'C' is an OPC grain that 
has undergone hydration with the reaction product, the rim around this mass, being 
CSH. In some cases, the original OPC grains have undergone completion hydration to 
CSH as demonstrated in the presence of the masses marked V. Investigation of SEM 
images will not concentrate on the normal hydration products of OPC, but the 
differences observed in the hydration products when waste materials are added. 
Figures 92 to 95 show the effect of 0079 addition to OPC alone after 1 and 28 days of 
curing. The white dotted lines identify features not observable in the OPC alone mixes. 
These masses sometimes appear denser in structure and lighter in colour to the 
groundmass, which also contains the OPC grains identified in the two previous SEM 
examples. Some of these masses show a volume loss and cracks have appeared in 
the mass. These cracks remain within the confines of the denser mass and are not 
found in the surrounding supporting groundmass. They are also identified throughout 
the curing period. Samples with 0079 addition in accordance with MD2 i. e. addition of 
0079 to mix water and then addition of OPC do not tend to show cracks and voids in 
these identified masses (Figure 93b, 94 a& b). Figure 95a shows an increased 
magnification of one of these identified structures. The associated EDXA maps 
(Figures 95 b to e) taken from this structure show a high concentration of silica 
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associated with this mass compared to the supporting groundmass. Calcium is also 
associated with these structures although higher concentrations are shown in the OPC 
grains identified in the previous SEM images. 
Figures 96 a to c show the effect of adding 0079 to an 80%APC/20%OPC sample mix. 
All the SEM images are dominated by large, dense, dark grey structures which can be 
up to 0.5mm in diameter. Figure 96a shows one of these structures, which has 
undergone a volume loss and cracks have appeared in the structure. There is no 
presence of the features identified in the control samples when no APC is added and 
no OPC grains appear within the structure, only in the groundmass surrounding the 
feature. Figure 96b shows the same features although in this image, the grey structure 
has been become elongated and stretched. The volume loss is greater to the extent 
that a large void has appeared in the centre. Figure 96c shows a similar structure 
although the cracking is only minor, but a volume loss has appeared around the 
structure. Figure 97 shows a sample mix of OPC and 80% APC without the addition of 
0079. The image shows no presence of the structures identified when 0079 is added. 
The image appears similar to the OPC mix without 0079 addition although there is a 
vesicular feature identified S. Figures 98a and 98b show examples of 
80APC%/20%OPC mixes with and without 0079 addition at 28 days. Features 
observed at I day of cure are also present at 28 days of cure in the associated 
samples. 
Figure 99a and the associated emaps (Figures 99b to e) show the elemental 
concentrations with these identified dark grey structures. The edge of the structure is 
dominated by calcium and silica with some potassium. Sodium appears towards the 
centre of the structure associated with a lower amount of silica. Figures 100 and 101 
with the associated emaps (Figures 100b to e and Figures 101b to e) show further 
analysis of these structures, which agree with the observations in the previous 
example. The emaps taken from Figure 101a show a greater amount of potassium in 
the structures and there is also a greater concentration of sodium on the edges of the 
structures associated with the cracks. Linescan analysis was also carried out on the 
two SEM images. Figures 102a and b show the elemental linescans for Figure 100. 
Higher concentrations of calcium are found at the edge of the linescan with the amount 
of silica being similar to the calcium concentration towards the centre of the structure. 
No elements are found when the scan crosses the void in the centre. Higher 
concentrations of sodium are found at the edge of this void i. e. close to the edge of the 
grey mass and the void space. A similar pattern is observed in Figures 102a and b 
which show the elemental linescan across Figure 101. 
171 
ý 
ß ýa 
ý 
ý 
2 
a ea 
V 
: 1% 
co a co 
U 
IL 
0 
.a ý aý 
G) 
ý ý Cf 
LL 
172 
ý ß .5 
T- N 
ý 
00 
N 
eo 
00 N 
N 
OD 
ti 
O 
O 
+ 
U 
0 
J3 
cn on 
m ý 
173 
Figure 95a OPC+0079 MDI 28 day 
Figure 95b Emap Al 
Figure 95d Emap Na 
Figure 95c Emap Ca 
Figure 95e Emap Si 
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Figure 102a 80APC20OPC+0079 1 day Xray linescan 
Figure 102b 80APC/20OPC+0079 1 day Xray linescan 
Figure 103a 80APC/20OPC+0079 28 day Xray linescan 
Figure 103b 80APC/20OPC+0079 28 day Xray linescan 
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Figures 104 to 111 show SEM images, emaps and elemental linescans of mixes with 
MO as the waste additive with and without 0079 addition. Figures 104 a&b show 
SEM images of 80%MO/20%OPC with 0079 addition after I and 28 days of cure. 
Small, dark spherical features in a finer groundmass dominate these images. 
Figures 105 and 106 show SEM images at increased magnification after 1 day of cure 
with and without 0079 addition. A large spherical feature dominates Figure 105 and a 
smaller feature (dotted white line) is also present. These large spherical features do 
not appear in the SEM image without 0079 addition (Figure 106). The feature identified 
in Figure 105 when 0079 is added to MO appears to be a rim or lining around another 
mass. This structure is further investigated in the following SEM images (Figures 107 
to 112). Figure 107 shows an SEM image of a mix with 80%MO/20%OPC with 0079 
addition. A number of spherical rims can be seen surrounding a central core. This rim 
is predominately made up of calcium and silica (silica dominating the internal edge of 
the rim) with sodium throughout the rim. Concentrations of other elements such as 
zinc, nickel and chromium can also be identified in the centre structure surrounded by 
the rim (see Figure 107 a to k). Figures 108 to 110 show further examples of these rim 
structures. The same elemental distributions are observed and some of the emaps 
show clearer examples of the presence of elements such as chromium, zinc and nickel 
in the structure surrounded by the rim. Figures 111 and 112 show the elemental 
linescan associated with the SEM images in Figures 109 and 110. The profile shows 
the rim to be dominated by calcium and silica with the central core showing evidence of 
chromium, zinc, nickel and copper. 
7.4.4 Discussion 
When 0079 is added to OPC and OPC/waste mixes, the pore sizes are dominated by 
the <0.05µm region with total porosities being greater than the OPC/waste and OPC 
alone systems. The increased porosity found in samples with 0079 addition is 
produced by the formation of silica 'gel' within the solid mass. The results from the 
sorptivity experiments suggest that the addition of 0079 to all OPC/waste mixes 
reduces the sorption rate of water into the monolithic block, although these samples 
have a greater volume of pores. These results suggest that although the porosity is 
high with 0079 addition to the sample mixes, these may not be connected or as the 
water is adsorbed into the monolithic block, a reaction is occurring between the 0079 
and the water being adsorbed. Previous researchers have investigated sorption 
experiments where cement pastes were modified with silicic esters and an 
alkylalkoxysiloxane. This modification caused a reaction in the pores to deposit 
amorphous silica producing a dramatic reduction in sorptivity [Artenzi et al 1993). 
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The difference in the porosity results in relation to the waste types added compared to 
OPC alone systems suggest that the dilution effect of reducing the amount of OPC 
increases porosity and possibly with APC addition, the vesicular nature of the material 
may also add to the porosity values. The large scale volume increase, cracking and 
subsequent failure of the OPC + 0079 mix after drying and saturation may relate to the 
formation of alkali silica 'gel'. As water is absorbed into the dry block, silica 'gel' or 
expansive calcium silicate forms and expands causing cracks to appear. This does not 
happen during the initial sorption test since fluid is still present within the structure. 
Only after all the water has been removed does this reaction occur. The examination 
of the internal structure by SEM analysis provides more evidence of this mechanism. 
The examination of the internal structure of the solidified waste forms has shown a 
number of interesting features. Although the analysis can be complex in relation to 
cement hydration reactions, it has concentrated on features not present in an OPC 
system. The addition of 0079 produces a number of 'spheres' or 'balls' of silica 'gel' 
which surround a number of cement grains. These features are possibly formed 
immediately when 0079 is added to the mix and the continued mixing produces these 
'balls'. Cement grains become 'encapsulated' within a mass of 0079. The observed 
cracking is a result of fluid loss due to drying out of the sample or the movement of fluid 
into the groundmass. The identified loss in volume could also be a result of a change 
to the alkali silica 'gel'. Alkali rich pore fluids can attack the silica 'gel' causing 
depolymerisation and breakdown of the mass. These 'gel' structures hold large 
amounts of water as demonstrated in experimental stage 1. These 'cracks' will 
ultimately reduce the final strength of the solid form. The high concentration of Si and 
trace amounts of Na suggests these structures are 0079 based. 
The addition of 0079 to an APC/OPC mix produces unique alkali silica structures 
formed from the reaction of 0079 and the APC waste. These structures form 
immediately after the addition of 0079 (no OPC grains are evident within the structure) 
and in some cases, the material in the centre of these structures is lost during mixing. 
These structures are comprised of a calcium rich silica rim or coating with a Si, Na and 
K rich centre. These reactions, to form the calcium silica 'gel', occur so rapidly that the 
0079 becomes encapsulated, and in some cases, remains in a liquid state unable to 
react with other components within the mix. Only when continued mixing or if the 
calcium silica rim is breached will the remaining 0079 be able to escape and react with 
the OPC grains. 
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The images also show that a breach of the calcium silica rim occurs. This would allow 
the remaining liquid 0079 into the groundmass and react with mobile components in 
pore fluids and form alkali rich structures. These precipitates or 'gels' formed could 
produce expansive calcium/potassium silicates. This 'bursting' of the rim could be 
encouraged by the movement of fluid through the rim which acts as a semi-permeable 
membrane. As osmotic pressure builds up, the membrane ruptures. In addition, the 
high concentration of alkali inside these structures will also enhance the 
depolymerisation of the liquid silicate into a more mobile form comprising of shorter 
silicate chain species. These short chain silicates will have a greater number of active 
reaction sites compared to the longer chain silicates that dominate 0079. 
The internal structure of an OPC/MO when 0079 is added is dominated by small 
spheres of waste surrounded by a layer of calcium/sodium silica 'gel'. These structures 
do not appear when 0079 is not added to an OPC/MO mix. This 'encapsulation' of the 
waste provides a physical barrier between the waste and the hydrating OPC grains. 
The emaps produced from the SEM images demonstrate higher concentrations of 
elements such as Cr and Cl present in the waste in the centre of these 'spherical' 
structures. As 0079 is added to MO, the 0079 reacts to form a 'gel' or precipitate 
around the MO particles. These structures do not undergo any volume change and are 
not subject to large-scale fluid movement across the rim or membrane. 
The addition of 0079 to APC/OPC systems produces unique structures of calcium rich 
alkali silica 'gels'. These gels can absorb large amounts of water. Fluid movement can 
lead to loss of the alkali/silica fluids into the groundmass leaving large voids within the 
solid waste form. The voids can be detrimental to continuing strength development, 
however, these fluids may then be available to react with other mobile constituents of 
the mix that may be present in pore fluids. The addition of 0079 to MO based systems 
produces a different solid product with the formation of calcium/silica 'gels' around 
waste particles. This separation of the waste from hydrating OPC grains improves 
setting and allows strength to develop without being 'poisoned' by the contents of the 
waste. These 'barriers' formed do not appear to be affected by pore fluid transport 
during the curing period 
7.4.5 Summary 
The main points identified when 0079 is added to APC/OPC, MO/OPC and OPC 
systems from experimental stage 2 are; 
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" Total porosity increases with the addition of 0079 for APC/OPC, MO/OPC and 
OPC solid forms. Larger porosity values concur with increased water content of 
systems with 0079 addition. 
" The addition of 0079 to OPC produces distinct spherical structures combined 
with OPC grains. These structures have high concentrations of silica. These 
structures identified could be calcium/silica rich 'gels' which have absorbed 
water during the initial mixing and lost this water during the curing/cement 
hydration phase. 
" The addition of 0079 to APC/OPC produce distinct features, calcium and silica 
rich at the edge and dominated by silica with lesser amounts of calcium sodium 
and potassium at the centre. Some examples show complete loss of internal 
contents. Possible mechanisms suggest 'depolymerisation' of silica contents of 
the structure with movement of silica rich fluids into surrounding solid form. 
" The addition of 0079 to MO/OPC also produce 'spherical' structures with the 
edges dominated by calcium, silica with lesser amounts of sodium and the 
centres dominated by chromium, zinc and chloride ions. Features identified 
suggest the production of a calcium/silica 'barrier' around the waste i. e. 
'encapsulation'. This 'barrier' stops MO interfering with normal cement 
hydration. 
" The addition of 0079 to APC/OPC, MO/OPC and OPC solid forms reduces the 
amount of fluid uptake during the sorptivity test producing lower sorptivity 
values. Formation of silica 'gels' in pores during mixing or as a result of silica 
rich pore fluids reforming 'gel' structures within the solid form. This mechanism 
results in 'expansive' gel formation and structural failure for APC/OPC solid 
forms. 
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Figure 111a 80MO/20OPC+0079 1 day Xray linescan 
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7.5 Experimental stage 3 
The final part of the research involves investigating the resistance of the final solidified 
waste product to attack from leaching fluids. This analysis involved exposing the 
solidified waste forms to a range of aggressive fluids under various conditions. The 
ability of the solidified waste forms to resist attack provides detailed information on the 
potential to retain toxic components within the solid over time. Long-term stability is a 
key criterion that must be demonstrated to ensure that solidified waste materials can be 
disposed of safely or reused in the environment. 
7.5.1 Immersion test analysis 
It is possible that solidified waste forms may undergo strength loss when subjected to 
moist or damp conditions. Being placed in a saturated environment can lead to 
material loss and changes in the internal structure of the solid form. A selection of 
sample cores were immersed in deionised water after 56 days of curing for a 28 day 
period. After 28 days had elapsed, the cores were removed and subjected to 
Unconfined compressive strength testing according to the procedure in Chapter 3. The 
results are presented in a tabular form in Appendix 4. Figures 113 (a & b) show the 
results from the immersion test (IMN) when cores are prepared replacing OPC with 10, 
30 and 80% APC. Two mix designs are presented showing samples prepared with 
APC, OPC and 0079 using MD1 (Figure 113a) and the strength developed when no 
0079 are added according to MD3 (Figure 113b). The 56 day strength of the cores 
observed during normal strength development analysis is shown on the graphs for 
comparison. There is a reduction in strength for all waste additions after 28 days of 
immersion for samples mixed with APC, OPC and 0079. Cores prepared with no 
addition of 0079 show a continued development of strength during the immersion 
period. Figures 114a and b show the effect of 28 day immersion on strength of cores 
that are prepared replacing OPC with 10,30 and 80% MO. Both mix designs, i. e. 
cores with and without 0079 addition, show a small reduction in strength during the 
immersion period although samples without 0079 addition show the greatest reduction. 
Cores prepared with 80% MO and no 0079 however show a continued strength 
development. Figure 115 shows the strength of OPC and OPC mixed with 0079 after 
28 days of immersion. The core mixed with OPC and 0079 shows a strength loss 
during the 28 day immersion period compared to the OPC system which continues to 
develop strength during this immersion period. 
The addition of 0079 to a APC/OPC mix leads to a reduction in the structural integrity 
when immersed in water. Strength reduction is also observed in MO/OPC samples but 
0079 addition reduces this effect. 
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7.5.2 Acid Neutralisation Capacity analysis 
The acid neutralisation capacity test (ANC) involves taking separate samples of the 
ground solidified waste form and subjecting the individual portions to increasing 
concentrations of Nitric (HNO3) acid. Samples are agitated over 48 hours and the 
supernatant, after centrifuging or filtration, is measured for pH and retained for metal 
analysis (see chapter 3, section 3.10 for ANC methodology and Chapter 4, section 4.3 
for metal analysis methodology). Figures 116 to 120 show the ANC pH profiles of 
different mix designs using 10%, 30% and 80% OPC replacement, OPC, waste, with 
and without 0079 addition. Milliequivalents of HNO3 are plotted along the x-axis and 
pH along the y-axis. Figure 116 shows the ANC results for samples with 10% and 30% 
OPC replaced with APC, using two mix designs to add 0079 (MDI and MD2) and a mix 
design with no 0079 addition (MD3). There is a gradual decease in pH as increased 
concentrations of acid are mixed with the samples until about pH 10 when there is a 
sharp drop until about pH 3 is reached, where the increase in acid concentration does 
little to drop the pH. There appears little difference in all mix designs, although the mix 
with no 0079 addition tends to produce a slightly higher pH than the mixes with 0079 
addition at equivalent HNO3 additions. When the amount of APC is increased to 30%, 
pH results for equivalent acid additions are lower than those results produced for the 
10% replacement. The difference in the mixes with and without 0079 addition is more 
noticeable when OPC is replaced with 30% APC, i. e. samples with 0079 addition show 
lower pH values than those observed with no 0079 addition. This trend is also seen 
when OPC is replaced with 10% and 30% MO (see Figure 117). Figure 118 shows the 
ANC pH profiles of mixes when OPC is replaced with 80% APC and MO. There is a 
gradual decrease in pH as the concentration of HNO3 increases for both waste types 
and no sharp drop is observed as seen in the previous sample mixes. The amount of 
HNO3 required to reach pH 3 is lower than the amount required when 10% and 30% of 
waste is used in the mix. The effect of adding 0079 to these 80% replacement mixes is 
not noticeable, although some of the results in the profile show a slightly lower pH 
value for 0079 added mixes. 
Figure 119 shows the ANC pH profiles for two waste types alone with and without 0079 
addition. The results for both mixes produce pH values lower than those for the 80% 
replacement mixes although the reduction in pH is less for the APC waste mix. The 
addition of 0079 to both waste types produces slightly lower pH values than the 
equivalent samples without 0079 addition. Figure 120 shows the ANC pH profiles for 
the control samples, OPC and OPC+0079. The results show the highest pH values of 
all the sample mixes with the drop between pH 10 and pH 3 being evident. 
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Figure 120 ANC profile - OPC & OPC+0079 
The amount of acid required to reach a pH values of 3 is the largest for the sample 
mixes. The addition of 0079 to OPC shows a slight reduction in the pH values when 
the same amount of HNO3 is added to both mixes. 
The ANC of the samples mixes is reduced when the amount of OPC replaced by waste 
is increased. The addition of 0079 also shows a small reduction in the ANC profiles. 
The reduced pH values observed for 0079 addition show that these mixes have a 
reduced capacity to buffer the acid solution. However, this observation may also 
demonstrate a reduction in material breakdown releasing a lower amount of alkali to 
buffer the acidity. 
Once a pH tests have been performed on the leachate liquor, the leachate is retained 
for metal analysis. Figures 121 to 123 show the metals analysis for different sample 
mixes at different HNO3 additions (milliequivalents). The graphs show element release 
with respect to increases in HNO3 addition. Milliequivalents are plotted along the x-axis 
and the fraction released as a percentage of the total metal concentration in the dry 
solid is plotted along the y-axis. Since the mix design of all mixes is based on the total 
solids, each mix has a different concentration of individual elements. This is due to the 
effect of replacing OPC with waste and the addition of 0079. Plotting element release 
as a percentage fraction of the total allows comparison between different sample mixes 
with and without 0079 addition. The actual concentrations in each mix are presented in 
mix Table 36, which has been developed from the chemical characterisation of each 
material, detailed in Chapter 5 (see mix design for further information on weights of 
individual material additions). 
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Table 36 Total element concentrations for OPCIWaste/0079 mixes (mg/kg) 
Al Ca Cr Cu Fe K Na NJ Pb Zn 
80APC/20OPC 27324 269949 
80APC/20OPC 
+0079 
28458 258356 
80M0/20OPC 
80MO/20OPC 
+0079 
6758 18995 17016 - 1677 5018 
6479 18847 22042 - 1676 5016 
28346 251690 7235 1104 54704 5512 56472 6895 34221 
27480 240097 7234 1104 54425 5384 61543 6894 - 34219 
APC+0079 26213 234819 -- 5972 21838 23858 - 2026 6059 
APC 27036 242189 -- 8159 22522 19158 - 2090 6249 
MO+0079 27451 212689 8760 1335 64081 5495 67835 8345 - 41452 
MO 28313 219364 9035 1377 68092 5688 88846 8807 
OPC+0079 27613 369401 - 8873 4742 13472 - 
OPC 28479 380993 - 9152 4891 8447 - 
Figures 121 (a to f) show the metal release profiles for sample mixes with 80% 
replacement of OPC with APC and APC mixes with and without 0079 addition. The full 
data set for these sample mixes can be found in Appendix 4. Figure 121a shows the 
metal release profile for Aluminium (Al) for 80% replacement of OPC with APC and 
APC mixes with no OPC addition with and without 0079 addition. Al becomes 
detectable in the leachate for the 80% replacement samples at about 10 Meq HNO3 
and 7 Meq HNO3 for the APC mixes with no OPC. There is only a small difference to 
both sample mixes when 0079 is added with these samples showing a lower Al release 
than mixes with no 0079 addition. A larger total percentage of Al is released with the 
APC only sample mixes. Figure 121b shows the release profile for calcium (Ca). 
There is a steady increase in Ca release as the amount of HNO3 is increased. Sample 
mixes with 80% replacement of OPC with APC produce a lower amount of Ca released 
whereas the sample mixes without OPC replacement show a larger Ca release. The 
addition of 0079 reduces the release of Ca in both sample mixes although this 
difference is more evident in sample mixes with APC and no OPC replacement. Figure 
121c shows the release profile for potassium (K). The effect of increasing HNO3 
concentration shows little effect on the releases of K in both sample mixes. The 
addition of 0079 reduces the release of K from the sample in both sample mixes using 
APC as the waste type. Figure 121d shows the release profile for sodium (Na). 
42753 
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Similar results are observed to those shown with the release of K although the total 
fraction of Na released is lower than that of K. Figure 121e shows the release profile 
for lead. The sample mixes with 80% replacement of OPC with APC release Pb at 
high and low Meq HNO3 with very little difference when 0079 is added. Sample mixes 
using APC alone repeat the release pattern observed with the 80% OPC replacement 
samples but to a higher degree. The effect of adding 0079 to APC alone mixes 
reduces the release at low Meq and high Meq HNO3 addition. Figure 121f shows the 
release profile for Zinc from the APC sample mixes. Zinc begins to be detectable in the 
leachate in a similar pattern to that observed in the Al release profile. Sample mixes 
with APC alone and no OPC release Zn at lower HNO3 concentration and a higher total 
Zn release is also observed. There is little difference between all sample mixes when 
0079 is added. 
The addition of 0079 to APC/OPC mixes shows a very small reduction in the amount of 
elements released. The release profiles produced with waste samples and no OPC 
addition also produce a small reduction in element release with the amount of acid 
required to show element release being lower. 
Figures 122 (a to I) show the metal release profiles for sample mixes with 80% 
replacement of OPC with MO, MO alone mixes, with and without 0079 addition. The 
full data set for these sample mixes can be found in Appendix 4. Figure 122a shows 
the release profile for Aluminium. The release profile is similar to that observed when 
APC is used as the waste type, although Al becomes detectable at a lower HNO3 
concentration (i. e. 6 Meq for 80% replacement and 3Meq for MO alone mixes). The 
effect of adding 0079 to both of these mixes shows a reduction in the amount of Al 
released which is more pronounced than that observed when APC is used as the 
waste type. Figure 122b shows the release profile for calcium. A similar release profile 
is observed when APC is used as the waste type although a greater total fraction of Ca 
is released for the 80% replacement sample mixes. The addition of 0079 reduces the 
release of Ca in both sample mixes at a similar amount as the concentration of HNO3 is 
increased. Figure 122c show the release profile for potassium. The release of 
potassium remains relatively steady as the amount of HNO3 is increased although a 
small increase is observed at high HNO3 addition. The addition of 0079 to MO alone 
mixes reduces the amount of K released at high concentrations of HNO3. Figure 122d 
shows the release profile for sodium. The release of sodium is similar to that observed 
with potassium but sample mixes with 0079 addition show a greater percentage 
fraction released than samples with no 0079 addition. Figure 122e shows the release 
pattern for iron. The release profile is similar to that observed with Al but the 
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concentration at which release begins is higher (i. e. 5 Meq for MO alone mixes and 9 
Meq for 80% OPC replacement). The total fraction released is higher for the MO alone 
mixes with the addition of 0079 reducing the release of Fe. Figures 122f and 122g 
show the release profiles for chromium and copper. The profiles are similar to those 
observed with the release of Al and Fe With the MO alone sample releasing Cr and Cu 
at lower concentrations of HNO3 than the sample mixes with 80% MO in the mix. The 
addition of 0079 reduces the amount of Cr and Cu released. These results are also 
observed in Figures 122h and 122i which show the release of nickel and zinc although 
the concentration at which these metals are detectable with respect to the amount of 
HNO3 added is lower than the observed release profiles for Cr and Cu. 
Figures 123 (a to e) show the metal release profiles for the control samples OPC and 
OPC with 0079 addition. The profiles for each element are similar to those observed 
for the waste addition sample mixes but the release of Al and Fe occur at higher HNO3 
concentrations. The profiles show little difference when 0079 is added to OPC although 
small reduction in the release of Al and Ca is observed. The release of Na when 0079 
is added increases by about 20%. 
The results from the ANC tests and the subsequent elemental release profiles 
produced suggest that the addition of 0079 to OPC/waste systems reduces the amount 
of elements released. The OPC content of the mixes tends to control the pH profiles 
with reductions showing a reduction in the ability of the solid material to buffer the 
acidic solution. However, if mixes with 0079 addition are reducing the amount of 
material being dissolved, i. e. structures formed are more resistant to acid attack, then 
this would also be shown as a reduction in pH. Elemental release profiles produced 
from analysis of the leachate show how the addition of 0079 reduces release on a 
small scale and the reduction in OPC allows elements to be released at lower acid 
concentrations. Examination of samples with no OPC i. e. waste and 0079 also shows 
how 0079 reduces contaminant release. 
The addition of 0079 must be forming structures that are resistant to acid attack. 
However, the results from the previous section suggest that mobile silica rich fluids are 
present in the mix and these may be reacting with contaminants in solution. The 
grinding of the solid product would destroy most of the feature observed in the SEM 
images and therefore, silica rich fluids may be reacting to control the release of 
elements present in the waste. 
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As the acid reacts with the ground solid product, contaminants and silica rich fluids are 
released into solution. These then can react to form silica 'gels' in solution that 
absorb/precipitate elements. These are removed from solution during the filtration 
process and therefore are not present in the solution sent for analysis. 
7.5.3 Monolith leaching tests 
In the previous section investigations were made on the ability of the ground solid 
waste form to withstand acid attack. The tests are intended to predict contaminant 
release under 'worst case' scenario conditions where there is a large surface area for 
the leaching fluid to attack the waste material. It is likely that if this technology is used 
in 'real' situations the mixed waste additives will be deposited or reused in a monolithic 
form i. e. in large blocks or lumps. This implies that the surface area for attack would be 
reduced and the dominating release parameters would be the ability of the leaching 
fluid to flow around or through the solid mass. The monolithic leach test can be used to 
investigate contaminant release from the solid waste form. The monolithic leach test 
used in this research involves taking small blocks of the solidified waste form and 
adding different concentrations of HNO3, i. e. de-ionised water, 0.01M HNO3,0.1M 
HNO3 and IM HNO3. The leaching fluid is replaced at 1,2,4,8,16,32 and 64 days, 
filtered and retained for total dissolved solids, metals and anions. The solid fraction 
retained on the filter paper is weighed and an aliquot of the leachate analysed for total 
dissolved solids and elements released. The results from the solids retained on the 
filter paper and the total dissolved solids are used to determine the mass balance of 
the dissolved and dry solids (see chapter 3, section 3.12 for test methodology). No 
results for the waste addition samples for the monolith leaching tests at 1M HNO3 are 
presented. These samples broke down after 1 day of leaching. All samples analysed 
for monolith leaching tests were prepared by replacing OPC with 80% waste 
Figures 124 to 129 show examples of the dry solids retained on the filter paper for APC 
and MO addition samples with and without 0079 addition. Figures 124a and b show 
the amount of dry solid retained on the filter paper after the monolith has been 
subjected to 16 days of leaching with water. The solids retained represent the period 
between day 8 and day 16 of the leaching process. The sample mix with APC as the 
waste type and 0079 addition in the solid monolith shows a greater amount of solids 
retained on the filter paper after filtration compared to the mix with no 0079 addition. 
As the leaching fluid used increases in acidity, the amount of solids retained on the 
filter paper increases (Figures 125 to 126), although mixes with 0079 addition always 
show higher levels of solids retained on the filter paper. Figures 127 to 128 show the 
same analysis with MO as the waste in the solid samples. 
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Figure 124a 80APC/20OPC - Water 16 days 
Figure 125a 80APC/20OPC - 0.01 M 16 days 
Figure 126a 80APC/20OPC - 0.1 M 16 days 
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Figure 124b 80APC/20OPC+0079 - Water 16 days 
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An opposite trend is observed where a greater amount of solid is retained on the filter 
paper when no 0079 has been mixed to solidify the waste. Full data for the amount of 
dry solids at each stage of the leaching process can be found in Appendix 4. 
Figures 130 to 132 show the cumulative fraction released of solids retained on the filter 
paper (dry solids) and the total dissolved solids in the leachate samples with 80% 
waste, 20% OPC with and without 0079 addition. Time is plotted along the x axis and 
the cumulative fraction released is plotted along the y axis. Figures 130a, 131a and 
132a show the cumulative dry solids as a function of the total solids released over 64 
days. There is an increase in solids retained on the filter paper with an increases in 
acid concentration of the leaching fluid. In all of the leaching fluids used, the sample 
mixes with 80APC/20OPC with 0079 addition show a larger amount of dry solids in the 
leachant than samples with no 0079 in the original solid waste form. This trend is 
reversed when the waste is changed to MO. A larger amount of solids are retained on 
the filter paper for samples with no 0079 addition. These results presented in the 
graphs complement the observations made visually with the dried filter papers shown 
in the previous section. Figures 130b, 131b and 132b represent the cumulative total 
dissolved solids from the leachant over 64 days. The amount of dissolved solids 
increases with increasing acid concentration of the leaching fluid and the amount is 
greater than the dry solids shown in the previous figures. There is little difference in 
the cumulative dissolved solids when 0079 has been added to the mix until the 
concentration of the acid reaches 0.1 M. The results from this leaching profile show 
that the amount of dissolved solids is greater for APC/OPC mixed samples when 0079 
is added, however, this trend is reversed when MO is used as the waste. The addition 
of 0079 to these samples reduces the amount of dissolved solids in the leachant. It is 
also important to point out that the results for dissolved solids using 0.1 M HNO3 after 
64 days are greater than 100% of the total. This cannot be correct unless additional 
solid material had been added to the monolithic block. The mass balance of dry solids, 
dissolved solids and the remaining weight of the monolithic block after 64 days of 
leaching need to be investigated. 
Tables 37 to 39 show the initial mass of the monolithic blocks used for the leaching 
analysis, the final weight of the blocks after 64 days of leaching, the calculated 
'expected' weight loss according to these values (calculated by initial weight at start of 
tests and reweigh after 64 days of leaching, solid weight loss), the total solids 
according to the dry solids retained on the filter paper (total filter retained solids TFRS) 
and the dissolved solids as determined by analysis (total dissolved solids TDS). 
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The difference between the expected solid loss according to initial and final weight and 
the total solids calculated from the TFRS and TDS is presented in the final column. 
The percentage difference increases with increasing acid concentration of the leaching 
fluid with mixes with 0079 addition showing a larger difference in the mass balance of 
the results. The mixes with APC as the waste type show a larger difference between 
the two sets of results with the largest percent difference being observed for the control 
samples using 1M HNO3 (approximately 70%). 
To identify the errors observed in the mass balance analysis, a test was prepared to 
determine the source of the additional mass. Samples of the leachant from the 64 day 
monolith leaching tests for the control samples were dried in accordance with the total 
dissolved solid methodology. These dried samples were subjected to three different 
environments. T1 - sample left in dessicators, T2 - sample left on laboratory bench 
and T3 - sample placed in humidity cabinet. The dried samples were reweighed after 
15 minutes and i day to determine any weight gain during these time intervals. The 
results are presented in Table 40 
Table 40 Weight increases under variable drying conditions 
Test No. Start 15 % Weight @1 day % Weight 
minutes Increase (approx) Increase 
OPC Ti 1.5200 0.0852 5.61 0.3666 24.12 
OPC T2 1.5414 0.1299 8.43 0.7405 48.04 
OPC T3 1.5105 0.3472 22.99 3.5741 236.62 
OPC+0079 Ti 1.5441 0.0524 3.39 0.4359 28.23 
OPC+0079 T2 1.4985 0.1306 8.72 0.9151 61.07 
OPC+0079 T3 1.5278 0.4533 29.67 4.0029 262.00 
The results obtained suggest that the dried samples are gaining weight over time, even 
though the samples were placed in desiccators. A 3% to 5% weight increase was 
observed after 15 minutes for a sample placed in a desiccators. The weight gains 
increase for samples left on the laboratory bench and in the humidity cabinet. The 
results tend to suggest that mixes with 0079 addition show a slightly greater weight 
gain than those with OPC alone especially after one day. 
Figures 133 to 143 show the cumulative fraction released (CFR%) of metals and 
anions from different sample mixes with 80% replacement of OPC with waste, with and 
without 0079 addition. The raw data and the release profiles for the control samples 
OPC and OPC+0079 are presented in Appendix 4. The CFR% is calculated from the 
amount of each element in the solid waste form at the start of the test and each metals 
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analysis at the set leaching time intervals. Time in days is plotted along the x-axis and 
CFR% is plotted along the y-axis. In nearly all release profiles, there is a large amount 
of elements released during the initial few days of the test and as time increases, the 
amount released is slowly reduced. Also, as the concentration of HNO3 increases, the 
amount of element released increases. Figures 133 show the release profile for Al 
when de-ionised water, 0.01M HNO3 and 0.1M HNO3 are used as the leaching fluid for 
sample mixes with both waste types with and without 0079 addition. When de-ionised 
water is used as the leaching fluid, the sample mixes with APC as the waste release a 
larger amount of Al than samples with MO as the waste. The addition of 0079 leads to 
a reduction in the amount of Al released for both waste types. As the concentration of 
HNO3 is increased in the leaching fluid, the amount of Al released increases for both 
waste type mixes with little difference observed between the waste types, although the 
sample mix with MO addition shows a lower release at 0. IMHN03. In all tests with 
0079 addition, there is a reduction in the amount of Al released except for the samples 
with APC as the waste type at 0.1 MHN03. Figure 134 shows the release profile for 
calcium. The sample mixes with MO as the waste type show a lower release profile 
than mixes with APC and as the concentration of HNO3 increases, this difference is 
reduced, although the addition of 0079 to all sample mixes, reduces the amount of 
calcium released. Figure 135 shows the release profile for potassium. The increase in 
HNO3 concentration has no effect on the release of K with the sample mixes with MO 
addition showing a lower release profile than mixes with APC. The addition of 0079 
shows a reduction in K released with APC mixes with little observable difference when 
MO is used as the waste type. Figure 136 shows the release profiles for sodium. 
When de-ionised water is used as the leaching fluid, the release of Na is higher 
compared to the tests carried out with increasing amounts of HNO3. The difference in 
Na release when different waste types are added is evident as the concentration of 
HNO3 increases with sample mixes with MO showing a lower release profile than mixes 
with APC. The addition of 0079 shows a general increase in the amount of sodium 
released. Figure 137 shows the release profile at 0.1 MHN03. Little difference is 
observed when 0079 is added to a APC/OPC mix, however, a small reduction occurs 
when OPC is replaced by MO and 0079 is added. 
Figure 138 shows the release profile for zinc. Figure 138a shows release data for the 
replacement of OPC with MO only since zinc was not detectable in tests using de- 
ionised water and APC as the waste type. Zn release is higher for sample with 0079 
addition although the difference is small. As the concentration of HNO3 increases, the 
amount of Zn released increases with the sample mixed with MO showing a higher 
release of Zn using 0.01 MHNO3 for both waste types. As the concentration of HNO3 is 
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increased further, there is little difference in the release profiles for both waste types. 
The addition of 0079 does show a reduction in the release of Zn but not in every test 
carried out. Figure 139 shows the release profile for lead at 0.1 M HNO3 using APC as 
the waste type. The addition of 0079 shows an increase in the amount of lead 
released. Figure 140 shows the release profile for Nickel using MO as the waste type. 
Nickel was not detected in the leachate when water was used so the results for 0.01 M 
HNO3 and OA M HNO3 are presented. Ni is released at lower concentrations when 
0079 is added to the mix which continues as the concentration of HNO3 is increased. 
Figure 141 shows the release profiles for Copper. When deionised water is used as 
the leachate, the addition of 0079 shows an elevated concentration of Cu. As the 
leachant increases in HNO3 concentration, the effect of addition 0079 to the mix 
produces a release profile lower than that observed for the mix without 0079 addition. 
This release profile is also observed for the release of Cr (Figure 142). Figure 143 
shows the cumulative release of Cl from monolithic blocks with 80% APC addition, with 
and with out 0079, replacement. The release of Cl occurs during the first 2 days of 
leaching with very little during the remaining period of the test. The increase in HNO3 
concentration has no effect on the release of Cl with the addition of 0079 to the 
samples mixes producing lower concentrations in the leachate than samples without 
0079. 
The results from the monolith leaching tests suggest that samples with 0079 addition 
reduce the amount of element released by a small amount, this is especially prominent 
when the release of chloride is examined. 
Figures 144 (a & b) show digital photographs of the monolith blocks after the 64-day 
leaching period has been completed. There is a difference between the samples in 
relation to the additional of 0079. The monolith block with 0079 included in the mix has 
expanded in size and produced 'major' cracking which has been filled with a white 
material. This is also observed when the concentration of HNO3 is increased. This 
product of the leaching process is not observed in samples with APC as the waste type 
and OPC alone mixes. Although digital photographs for the monolith blocks with MO 
as the waste type are not presented, this expansion, cracking and precipitation was not 
observed in these samples after the completion of the 64-day leaching test. 
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80%APC/20%OPC 
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80%APC/20%OPC+0079 
Figure 144a Monolith cores after 64 days leaching in water 
80%APC/20%OPC 
a 
80%APC/20%OPC+0079 
Figure 144b Monolith cores after 64 days leaching in 0.01M NHO3 
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7.5.4 Monolith leaching tests - SEM analysis 
Figures 145 to 150 show SEM images, emaps and linescan analysis of the monolith 
blocks after 64 days of leaching. Figure 145a shows an SEM image of an OPC sample 
using 0.1M HNO3 as the leachant. There are two distinct features made up of a void 
with small spherical features and a more fibrous structure supporting this void. The 
spherical features are bright in colour compared to the more fibrous supporting 
material. These structures are also seen in Figures 115 b&c. Figures 145d to e show 
the emap images for Figure 145c. The spherical shapes are predominantly made up of 
Si with a small amount of Ca and Al. The fibrous supporting medium is also made up 
of Si with lesser concentrations of Ca and Al compared to the spherical features. The 
concentration of all these elements is higher in the bright spherical features compared 
to the darker supporting structure. 
Figures 146a and b show SEM images of an OPC sample mixed with 0079 leached 
with 0.1M HNO3. The images are dominated by spherical features (dotted white line) 
made up of a ground mass and bright spheres similar to those identified in Figure 145. 
A void or crack has appeared around these structures, which are not present in the 
OPC alone sample. The groundmass within the spheres identified by the dotted line is 
denser with fewer voids compared to the groundmass supporting these structures. 
Figures 146d to e show emaps of Figure 146c. The bright structure is dominated by Si 
with lesser amounts of Al and Ca. A thin Si layer appears around this structure. 
Figure 147 shows SEM images of a monolith block with 80% APC, 20% OPC and 0079 
addition leached with deionised water. A grey/white feature dominates both images 
which appears in the void or crack within the leached structure. The Emaps (Figures 
147 c to i) show that this feature is dominated by Ca and a lesser amount of Si. Al, K, 
Na, Zn, and Cl can also be found in this structure as well as the supporting 
groundmass. The linesacan image (Figure 147j) shows this feature formed is 
dominated by Ca and Si. Figure 148 shows SEM images of a monolithic block with 
80% and 20% OPC and no 0079 addition leached with 0.01 MHNO3. The cracks or 
voids with the grey/white mass filling the voids are not present. However, the image is 
dominated by a bright white layer towards the edge of the monolith block. The linescan 
image (Figure 148c) shows that Ca and Si dominate this feature. 
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Figure 149c Si Emap 
Figure 149f Cr Emap 
Figure 149d Ca Emap 
Figure 149g Zn Emap 
Figure 149e Fe Emap 
Figure 149h Ni Emap 
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Figure 149 shows SEM and Emap images of a monolithic block comprising of 80% 
MO, 20% OPC and 0079 addition. The leachant is 0.01M HNO3. The image shows a 
large void surrounded by a ground mass predominantly made of Si and Fe. Smaller 
amounts of Cr and Ca are also present within this structure. Figure 149a and the 
associated linsescan (Figure 149b) show a similar structure which is predominantly 
contains Si, Fe and smaller amounts of Ca. 
7.5.5 Discussion 
When monolithic blocks of the solidified waste forms are immersed in deionised water, 
the strength of the monolithic block is altered. OPC mixes with the addition of 0079 
show a strength reduction compared to the mix without 0079 addition which shows a 
strength increase after the 28 day immersion period. The increase in strength 
development for the OPC alone mix suggest that hydration reaction are continuing to 
occur during the immersion period, however, the mix with 0079 addition must be 
undergoing physical or chemical changes causing a reduction in strength. As water 
enters the OPC/0079 monolithic block, there is an alteration to the 'gel' structures 
identified during SEM analysis. The possible mechanisms involved could relate to the 
formation of expansive silicate species or the leaching of the silicate 'gels' to form 
cracks and voids within the structure. This mechanism is also observed when the 
waste type APC is added to the mix. When immersion tests are carried out on 
OPC/MO solid waste forms the addition of 0079 has a small effect on strength 
reduction. There is a strength loss for solid waste forms with and without the addition 
of 0079. 
When ground samples of the solid waste forms are subject to acid attack in accordance 
with the ANC test, the main effect of adding waste is to reduce the pH of the leachate 
and fixed milliequivalents of HNO3 added. This is predominately controlled by the 
reduction in OPC content i. e. dilution effect. The effect of adding 0079 to OPC/Waste 
mixes, although small, also reduces the pH at fixed milliequivalents of HNO3 added. 
The pH of leachate will be controlled by the breakdown of the solid particles and the 
ability of the species released to buffer the added HNO3. If this ability to buffer the 
solution is reduced, resulting in lower pH values then the addition of 0079 may be 
reducing the breakdown of the waste particles. The addition of 0079 could reduce the 
release of elements such as Ca by forming calcium silica 'gels' or precipitates that are 
more resistant to acid attack thus reducing the release of calcium into solution. 
The element release profiles from the analysis of the leachate produced from the ANC 
test show that the sample mixes with OPC release elements at higher HNO3 addtions. 
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This suggests that OPC is controlling the release of the elements tested. The effect of 
adding 0079 to OPCIAPC mixes cannot be determined since the release profiles 
appear very similar. There are however examples where the addition of 0079 reduces 
the release of metals such as K and Ca. A more observable difference can be seen 
when MO is used as the waste type and the addition of 0079 to OPC/Waste mixes 
shows a reduction in elements released. This can be observed for Ni, Cr, Cu and Zn. 
This effect is also observed when no OPC is added and 0079 is added to an MO only 
mix. The reduction in element release is more prominent with these samples. The 
addition of 0079 could be forming acid resistant species, which, in the case of MO as 
the waste type, reduce the amount of metal released. An alternative mechanism of 
reduced metal release could be due to the breakdown and reformation of Si dominant 
species that absorb or control the amount of metal in the leachate. As the pH of the 
solution drops with increasing addition of HNO3, any metals precipitated as hydroxides 
will be released and potentially form metal silicates. Samples with higher amounts of 
silica will remove higher concentrations of cations or anions from solution. 
The analysis of the results from the monolith leaching tests have produced important 
information on the mechanism involved when the solidified waste form is subjected to 
acid attack. The dry solids retained on the filter papers show how the addition of 0079 
to OPC/APC mixes leads to an increased in solid form breakdown. Whereas this is the 
opposite to that observed when MO is the waste type. These observations are also 
demonstrated when the results are presented over the 64 day leaching period in both 
the dry solid and total dissolved solid analysis. However, after analysis of the solids 
breakdown results, discrepancy in the mass balance of the initial weight and final 
weights calculated resulted in an additional experiment being carried out. The results 
from these experiments suggest that silica gel is being formed in the leachate solution 
which has the ability to absorb moisture which distorts the total dissolved solids results. 
This distortion appears greater when 0079 has been added to the OPC/Waste mix. 
This additional experiment suggests that the methodology for total solids analysis used 
for this project cannot provide accurate results unless performed in a 100% free water 
environment. 
The leachate from the leaching of the monolithic solid waste from over 64 days 
produced element release profiles suggesting the addition of 0079 to OPC/Waste 
mixes reduces the amount of elements released. The reduced element release is 
more evident when 0079 is added to OPC/MO waste mixes since the analysis of 
OPC/APC mixes demonstrate examples of increased element release when 0079 is 
not added, especially Pb, Na and Zn at high HNO3 concentrations. The release profile 
225 
for Cl consistently demonstrates that the addition of 0079 to OPC/APC mixes reduces 
the amount of Cl released over the 64 day leaching period. Digital photographs of the 
OPC/APC monolithic blocks taken at the end of the leaching period demonstrate how 
the OPC/APC mixes with 0079 addition have become cracked coupled with an 
increase in volume of the solidified waste form. The movement of the leaching fluid 
into the monolith block has reacted with the internal components and precipitated a 
white mass. These white masses are likely to be calcium rich silica 'gels'. The 
expansive nature of the precipitation has caused the monolithic block to fracture. This 
failure and subsequent breakdown of the solid waste form is in agreement with the dry 
solid analysis results produced for OPC/APC solidified waste forms. 
SEM analysis of the solidified waste forms after 64 days of leaching has provided 
information on the ability of different OPC/Waste mixes to resist acid attack. OPC 
mixes with the addition of 0079 show spherical structures with cracks or void space. 
Leached OPC grains are evident within these spherical structures with evidence of a 
'silica' rim around the OPC grains. The presence of this rim around OPC grains 
suggests a degree of resistance to acid attack. The SEM analysis of OPC/APC mixes 
with 0079 addition show a white material in cracks or fractures after the leaching period 
has been completed. This material is primarily made up of Ca and Si suggesting the 
production of calcium rich silica 'gels'. There is evidence of other elements such as Zn 
and Cl being present in this mass, although the concentration can not be differentiated 
from the associated ground mass. However, if this mass is produced during the 
leaching period, the presence of these elements suggests that the calcium rich silica 
'gels' are retaining these elements. This may be due to absorption onto the surface of 
the 'gel' or the formation of, especially for Zn, metal silicates. Zinc silicate could form 
when increased acid solutions are used as the leachate if zinc hydroxide is dissolved 
and the zinc reacts with silica rich fluids in solution to form zinc silicate. The formation 
of calcium silica 'gels' in voids within the mass result in the fracture of the solid waste 
form. These calcium silicate masses do not appear in OPC/MO solidified waste forms 
after the leaching period. Instead, for mixes without 0079 addition, a calcium silicate 
precipitate forms as a 'leached front' at the edge of the solidified waste form. 
Unfortunately, only linescan data is available for this sample which shows the mass 
being dominated by Ca and Si with little evidence of other elemental species. Solid 
waste forms with OPC/MO and 0079 addition show the remains of rims after the 
leaching periods. These 'rims' are predominantly Si and Fe with a small amount of Ca. 
There is evidence of the retention of Cr, Zn and Ni on this structure. 
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The observations from these experiments could also be linked to research carried out 
into the effect of 'Alkali silica reactions (ASR) in concrete. Alkali-silica reaction (ASR) is 
the most common form of alkali-aggregate reaction. It occurs when the alkaline pore 
fluid and siliceous minerals in some aggregates react to form a calcium alkali silicate 
gel [Diamond and Penko 1992, Hobbs 1998]. This gel imbibes water, producing a 
volume expansion, which can disrupt the concrete [Ferraris et al, 2000]. The main 
external evidence for damage to concrete due to alkali silica reaction is cracking. In 
unrestrained concrete the cracks have a characteristic random distribution often 
referred to as 'map' cracking where there is a network of fine cracks bounded by a few 
larger cracks [Ferrarsis et al 1995, Helmuth and Stark, 1998]. The results from this 
research suggest that the addition of 0079 forms silica rich 'aggregates' that can lead 
to 'massive' ASR over short time scales compared to ASR observed in concrete where 
the reaction of alkali rich fluids on solid siliceous aggregates can take years to develop. 
The mix type in which massive expansions occurs (APC addition) shows the highest 
concentration of K and Na in the waste and therefore potentially in pore fluids in pore 
fluids. 
7.5.6 Summary 
The main points identified when 0079 is added to APC/OPC, MO/OPC and OPC 
systems from experimental stage 3 are; 
" Strength reduction is observed when APC/OPC systems mixed with 0079 are 
immersed in water. Solid form collapse as result of expansive 'gel' formation. 
Digital images of the APC/OPC solid form with 0079 addition at the end of the 
leaching tests provide visual evidence of the structural failure and solid form 
expansion. 
" The addition of 0079 to MO/OPC systems reduces the amount of solid released 
from the MO/OPC solid form. This is an opposite trend to that observed with 
APC/OPC solid forms. 
" The reduced buffering capacity of solid forms is controlled by the reduction of 
OPC within the mix with the addition of 0079 also shows a small reduction in 
the ANC profiles for all solid forms. 
" The addition of 0079 to APC/OPC and MO/OPC systems mixes shows a small 
reduction in the amount of elements released. The formation of silica rich 'gels' 
in the leachate solution on completion of leaching tests may contribute to the 
minor improvement identified. 
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" An observable reduction in the amount of chloride ion released is demonstrated 
during the monolith leaching of the APC/OPC solid form when 0079 has been 
added. 
" SEM analysis of the leached APC/OPC solid form with 0079 addition shows a 
white material formed within voids and cracks. Theses structures are dominated 
by calcium and silica with minor amounts of chloride, potassium and zinc. 
7.6 Main discussion 
The investigations carried out during the three experimental stages have identified how 
the addition of 0079 to OPC, APC and MO effects the formation of a solid form, the 
internal structure developed and the resistance of the final solid form to aggressive 
fluids. Although there are mechanisms common to all of the solid forms created, the 
manner in which 0079 interacts is different for each material or waste investigated 
7.6.1 The effect of sodium silicate on OPC 
SEM images of OPC/0079 solidified blocks show defined areas of silica dominated 
'spheres' with cracks associated within these structures. It is likely that water and silica 
'gel' has been lost from these structures during the curing period creating 'cracks' and 
therefore structural weakness. The mechanism for this volume change may relate to 
the depolymerisation of the silica 'gel' as a result of the high alkali content of pore 
fluids. Addition of alkali hydroxide causes hydrolysis of the polysilicates reducing the 
viscosity. Extensive dilution with water also depolymerises the polysilicates anions. 
Water may have been lost due to evaporation or used by OPC grains in the 
surrounding matrix for normal hydration reactions. When solidified blocks of OPC/0079 
mixes are subject to water sorption tests, the amount of water uptake is reduced 
compared to an OPC system. The silica 'gel' may become mobile and reform in pores 
and fissures within the solid mass thus blocking capillary transport. The catastrophic 
failure of the OPC/0079 solid block after drying and immersion in water suggest that 
these silica gel structures reformed in fissures have absorbed water at such a rate that 
expansion of the silica gel forms cracks and fissures causing the block to breakdown. 
The immersion experimental work did not demonstrate this failure. The cores were not 
completely dry when immersion tested since they had been kept in a humid state. 
There is, however a loss in strength that suggests that expansion of the silica gel may 
be occurring on a smaller scale. 
During immersion and sorptivity experimental work, water moves through the internal 
pore structures of the solidified mass. When this water interacts with silica gel within 
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the mass, depolymerisation or hydrolysis of the silica gel structures may occur. This 
silica gel breaks down into small linear or less polymerised structures. This 
depolymerisation also makes small chain silica species available to react with soluble 
internal components of the solid mass, potentially reforming in voids and pores as silica 
`gel' or polyvalent silicate species. 
When 0079 is added to OPC, a dense silica 'gel' forms around OPC grains. Very low 
concentrations of calcium are in solution at this stage. During the setting and curing 
period, the silica 'gel' depolymerises due to the action of alkali rich pore fluids releasing 
silica rich fluids into the surrounding solid. This silica rich fluid interacts with elements 
in solution (i. e. Cat) to polymerise into calcium rich silica 'gel', which can fill small 
pores and fissures. 
The initial mixing of 0079 with OPC 
forms dense silica 'gel' around the 
OPC grains. 
OPC grains 
Silica 'gel' 
Surrounding solid 
Figure 150 Mixing phase for OPC/Silicate systems 
During setting and strength development, 
dissolution of Ca occurs from OPC grains 
and depolymeristaion of the silica 'gel' 
occurs from the action of alkali rich fluids. 
This produces voids and fissures within the 
original silica 'gel' 
These species form Ca rich silica `gels' in 
pores and fissures within the ground mass. 
Figure 151 Fluid movement and Ca 2* dissolution for OPC/Silicate systems 
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The volume loss that occurs in the silica during this process can be detrimental to the 
strength development of the final mass. Large pores and fissures will reduce the final 
strength compared to mixes without 0079 addition, although smaller pores will be filled 
with calcium silica 'gels'. The above process can become more prominent when the 
solid form is immersed in or placed in water. The catastrophic failure observed after 
the solid form has been heated to remove all fluid and replaced in water is a result of 
the formation of well-defined silicas formed during the drying process. These species 
formed have the ability to absorb fluid rapidly, expanding in pores or fissures causing 
the solid form to break down. 
7.6.2 The effect of sodium silicate on MSW APC residues 
Investigations involving the addition of APC waste to 0079/OPC mixes yield different 
reaction mechanisms. The reduction in set times is primarily controlled by the high 
concentration of Cl which is well known as a 'hardening accelerator'. The addition of 
APC forms a Ca/silica rich 'gel' or calcium silicate rim around the added 0079. Soluble 
species such as K and Na are also trapped inside these structures. This mechanism 
places a barrier between the 0079 and the remaining components in the solid mass. In 
some cases, the 0079 remains in a liquid state since 0079 loss was observed 'weeping' 
from the solid waste form. The silicate species trapped inside will depolymerise due to 
the presence of K and Na hydroxides reducing the viscosity and forming shorter chain 
and linear silicate species. Fluid movement could also occur across the calcium 
silicate membrane causing osmotic pressure to build up and rupture the structure. This 
effect may increase when leaching fluids are introduced. These ruptures and voids 
created by the loss of silica rich fluids into the surrounding solid produce a weakness in 
the solid form as shown by the reduced strength development. 
The mobility of silica rich fluids during the leaching process can react with other 
components of the solid waste form. These silica rich fluids are less viscous than the 
original 0079 and allow the formation of calcium silica species in fractures and pores 
which concentrate dissolved contaminant species. This has been demonstrated by the 
retention of Cl ions. A detrimental effect of the formation of these precipitates is their 
expansive nature. This expansion produces structural failure of the solid waste form. 
The effect of adding 0079 to APC/OPC mixes produces calcium silicate structures 
containing silica species and other dissolved species e. g. potassium, chloride, in the 
fluid form. The APC solution is highly alkaline as soon as water is added, 
depolymerising the 0079 and creating short chain silica species. Calcium in solution 
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reacts instantaneously with these species to form calcium silica rich 'gel'. This 'barrier' 
of calcium rich silica 'gel' stops 0079 from having an effect on the setting of the solid 
waste form. Due to the movement of water across this membrane, pressure will build 
up on the inside of the 'barrier' and eventually burst allowing some silica rich fluids to 
spill out into the groundmass. During the ingress of fluids on a larger scale, these silica 
rich fluids precipitate into calcium rich silica 'gels' in pores and fissures, expanding on 
growth as they absorb more water. This expansion causes the eventual structural 
failure of the solid waste form. This formation however, has the ability to absorb or 
adsorb mobile species in the pore waters, thus reducing their release into the leaching 
solution. When acidic fluids are used as the leachant, metals present as hydroxides 
become mobile and may form metal silicates until the pH drops sufficiently for all 
metals to be released. 
When large amounts of fluids enter the solid waste form, more silica rich fluids react 
with Cat+. Calcium silica 'gels' form in pores and fissures, expands over time resulting 
in eventual structural failure of the solid mass. These calcium silicates formed also 
contain contaminants from the original waste suggesting that the formation of calcium 
silica 'gels' retains contaminants present in the pores fluids of the solid mass. 
A calcium silica layer with a 
depolymerised silica 'gel' centre is 
formed during mixing. The source of the 
Cat is the APC waste 
OPC grains 
Calcium rich silica 
Depolymerised 0079 and K, Na, Cl 
Figure 152 Mixing phase for OPC/Silicate/APC systems 
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Fluid within the solid mass moves 
across the calcium silica membrane 
exerting pressure on the inside leading 
to a rupture of the membrane and silica 
rich fluids move into the surrounding 
solid. 
Voids and fissures remain in the 
original structure. 
Dissolution of OPC grains is also 
occurring releasing Ca 21 into the 
surroundinq solid 
Figure 153 Fluid movement and Ca 2 dissolution for OPC/Silicate/APC systems 
The formation of calcium silica 'gels' in 
fissures causes expansion of the solid 
form and subsequent structural failure. 
Calcium silica 'gels' forms in new 
fissures as expansion continues. 
Calcium silica 'gels' -Formation of 
calcium silica species containing 
cations/anions 
Figure 154 Calcium silicate precipitation/expansion for OPC/Silicate/APC systems 
7.6.3 The effect of sodium silicate on metal/organic sludge waste 
The reaction mechanisms identified when MO is added to 0079/OPC mixes are 
different to those observed when APC is used as the waste type. The addition of 0079 
has a pronounced effect on setting times and strength development. As 0079 is added 
to MO, a physical barrier forms by 'micro' encapsulation of the MO. This effect places 
a barrier between the OPC and MO and allows normal OPC hydration reactions to 
occur. The effect of this barrier between the waste and OPC continues as the solid 
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mass cures over time. Strength development results show improved structural integrity 
for mixes with 0079 added to the waste. The solid mass produced is a mixture of 
amorphous calcium silica 'gel' encapsulating the waste in a matrix of hydrating OPC. 
When fluids are allowed to enter the solid waste form similar reactions to those 
observed with OPC/0079 systems may be occurring. Depolymerisation of the silica 
'gel' may be occurring and reforming in pores and fissure. This mechanism slows the 
influx of fluid into the solid mass. Since the addition of 0079 forms a physical barrier 
around the waste, this depolymerisation reaction may release contaminants. However, 
contaminant release profiles suggest the amounts released are lower for 0079 added 
mixes. This re-formation or polymerisation of the silica species may absorb 
contaminants over the long term in leaching environments. It is also important to note 
that contaminants and silica species may escape from the solid mass and polymerise 
in the leachate solution. These silica rich 'colloidal' masses may be removed during 
filtration and not be present in the solution analysed. 
The observed reduction in solid form breakdown when 0079 is added to a MO/OPC 
mix is indicative of the ability of the silica 'gels' formed to resist chemical attack. MO 
impacts on the normal hydration of OPC, thus producing a weaker solid form. This 
solid product is more susceptible to breakdown during fluid ingress. 
The mechanisms that occur when 0079 is added to MO/OPC systems involve the 
formation of a silica 'gel' barrier around the MO waste in a similar process observed 
when 0079 is added to OPC. This barrier stops the contaminants of the waste from 
interacting with the hydration of OPC. Minor changes may occur to this silica 'gel' 
barrier during the curing period, but they do not appear to have a detrimental effect on 
the solid waste form. When large amounts of fluid are allowed to enter the solid waste 
form, depolymerisation of the silica 'gel' may occur reacting with free Ca2+ in pores and 
fissures to form calcium silica 'gels'. This process has the potential to contain mobile 
contaminants present in pore waters of the solid waste form. It is also possible that the 
silica 'gel' structures are resistant to acid attack and retain contaminants on the surface 
by the formation of metal silicates. This was observed for leached solid waste forms 
where a high concentration of Fe remained associated with the silica 'gel'. 
During the curing period, there does not appear to be any changes to the silica `gel' 
barrier although fluid movement within pores is likely to occur. There is no volume loss 
compared to systems using APC as the waste type. Pore fluids will not be as alkaline 
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compared to OPC/0079 and OPC/APC systems due to the original pH of the waste. 
Therefore, depolymeristion of the silica 'gel' does not occur during the curing period. 
The addition of 0079 to MO waste 
forms a silica 'gel' barrier around the 
waste. This stops contaminants in 
the waste interacting with the 
hydration of OPC. 
MO Waste 
Silica 'gel' barrier 
Figure 155 Mixing phase for OPC/Silicate/MO systems 
During the ingress of fluids, the silica 
gel' may depolymerise and silica rich 
fluids will migrate into pores within the 
solid waste form. 
Silica rich fluids interact with Cat from 
the dissolution of OPC forming calcium 
silica 'gels' in pores. This process can 
fill pores and reduce the progress of 
fluids. 
Figure 156 Fluid movement and Ca 2" dissolution for OPC/Silicate/MO systems 
The formation of calcium silica 'gels' in pores could be detrimental to the structural 
integrity of the solid waste form. Structural failure was not observed during the 
immersion, sorptivity or leaching experimental work, although some micro cracking was 
observed when the solid waste form was dried and re immersed in water during the 
sorptivity tests. 
The physical barrier placed around the waste could also control the release of 
contaminants. However, during the ANC experimental work, the solid waste form is 
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ground to a small particles size, which would destroy this barrier. Similar release 
profiles are obtained for the ANC tests and monolith leaching profiles suggesting that 
the reformation of metal silicates or metals absorbed onto silica particles is the process 
by which a reduction of contaminants with 0079 added systems is observed. 
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8.0 Conclusions 
The majority of MSW APC residues are currently disposed to landfill without pre 
treatment, an activity which cannot continue due to the implementation of the Landfill 
Directive. A small percentage of MSW APC residues are currently being treated by 
dilution with other hazardous wastes such as acid liquors, oils, grease, and paints. 
This process reduces the alkalinity of MSW APC residues and produces a waste 
sludge with lower chloride content. The full introduction of Waste Acceptance Criteria 
(WAC) will set strict limits on the leachability of hazardous wastes sent to landfill and at 
present, MSW APC residues cannot meet these targets. 
The main objective of this research project was therefore to improve the treatment of 
MSW APC residues prior to disposal to landfill by the addition of sodium silicate (0079) 
and cement (OPC). Investigations were also carried out on the waste sludge produced 
from the current treatment process to determine if improvements to this process can 
also be achieved with sodium silicate addition 
Preliminary investigations involving the interaction of sodium silicate, cement (OPC) 
and pozzolans were performed to develop methodology, identify mix designs and to 
determine the preferred sodium silicate to be utilised with the addition of the two 
wastes. The results from this stage of the research program therefore do not form part 
of the main conclusions to meet the objectives of the research project. 
The main conclusions from the research project on how the addition of sodium silicate 
(0079) can improve the pre treatment of MSW APC residues and the waste sludge 
produced from the current treatment process are 
"A solid form is produced when MSW APC residues are mixed with OPC and 
0079. 
Since MSW APC residues are classed as hazardous by virtue of their corrosive 
properties (high alkalinity), the production of a solid form may declassify the waste to 
non-hazardous. However, the formation of a solid form is controlled by the introduction 
of OPC and 0079 has no effect on set and strength development. The addition of OPC 
alone may allow the waste to be disposed to a non-hazardous landfill as a stable non- 
reactive hazardous waste. 
236 
" The solid form produced when MSW APC residues are mixed with OPC and 
0079 is structurally weak and is subject to expansion and failure when exposed 
to leaching fluids. 
The structural failure due to the formation of expansive calcium rich silica 'gels' within 
cracks and voids will lead to solid form breakdown. This is the result of alkali rich pore 
fluids 'depolymerising' silica 'gels' within the solid The requirement to meet the new 
standards for leachability to meet the WAC is unlikely to be met with the addition of 
0079 to MWS APC residues. 
"A small reduction in the release of chloride ions when 0079 is added to MSW 
APC residues is demonstrated. 
This reduction is a result of the formation of expansive calcium rich silica 'gels' and the 
retention within or on these new structures. This reduction is unlikely to be sufficient to 
meet the new leachability limits and additional research is required to confirm the ability 
of these 'expansive gels' to retain contaminants. 
"A solid form is produced when mixed hazardous waste treated with MSW APC 
residues are mixed with OPC and 0079. 
The addition of 0079 produces a solid with improved handling properties immediately 
after the treatment process. The disposal of liquid wastes to landfill has been banned 
since 2001 and the solid form produced will meet these requirements for disposal. 
"A solid form is produced when mixed hazardous waste treated with MSW APC 
residues are mixed with OPC and 0079 shows improved structural integrity. 
Resistance to attack by leaching fluids will reduce the leachability of contaminants 
within the solid form. Evidence for the leaching tests carried out shows a small 
reduction in the release of contaminants released. 
In addition to these main conclusions mechanisms common to the interactions of 0079 
with both wastes types have been identified. 
" The addition of 0079 to OPC, MSW APC residues and mixed hazardous waste 
treated with MSW APC residues produced an inhomogeneous solid form. 
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The viscosity of 0079 and rapid set demonstrated creates distinct structures as a result 
of 0079 and waste interactions during the mixing of the materials. Sodium silicate 
addition 'encapsulates' waste and OPC. This has the effect of reducing sodium silicate 
interactions with the mix and placing a 'barrier' between OPC and the waste itself. 
" The effect of sodium silicate addition to OPC/waste based systems can be 
controlled by the chemical and physical characteristics of the waste itself. 
A process technology developed using sodium silicate based additives must be tailored 
to meet the requirements of the waste type in question. The use of 0079 in S/S 
technologies is likely to be controlled by the constituents of an individual waste type i. e. 
anions, cations, organics etc and the pH. 
In summary, the addition of 0079 to MSW APC residues mixed with OPC produce a 
solid form that breaks down when attacked with fluids as a result of alkali rich pore 
fluids causing depolymeristaion of the silica rich gels formed during mixing. The 
formation of expansive calcium rich silica 'gels' is the principle mechanisms for 
structural failure. However, the addition of 0079 to mixed hazardous waste treated with 
MSW APC residues and OPC produces a solid form with a greater resistance to attack 
from leaching fluids and a small reduction in contaminant release. Sodium silicate 
(0079) will therefore not enhance the treatment process to meet the requirements of 
WAC with regard to leachability standards and the formation of stable non-reactive 
hazardous waste whereas improvements to the current treatment process have been 
demonstrated. 
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9.0 Future work 
The results and the conclusions made from the observations during the research 
program have identified the process by which sodium silicate interacts with OPC/Waste 
systems to form a solid waste form. However, additional work is required to improve 
the knowledge base and investigate the weaknesses in the results and methodology 
used. The key areas that require further investigation relate to the following areas 
" Initial process of sodium silicate addition and mixing of additives - The use of 
viscous sodium silicates produce a heterogeneous mass due to rapid setting 
which produces a structural weakness in the final solid form. 
Waste Type - Contaminant release and SEM investigations can provide 
improved information if waste samples are 'doped' with addition contaminants. 
" Contaminant release - The research program did not pursue further 
investigation using lower ratio sodium silicates i. e. 0096 and 0100 to determine 
the control of fluid ingress and the potential for contaminant release. 
" Sorptivity - The reaction mechanisms involved when fluids are introduced in the 
solid waste form and the reduction in sorption rate observed with sodium 
silicate mixed systems. 
" Polymerisation and contaminant containment - The research suggests that 
polymerisations of silica rich fluids may occur in the leachate solution on 
completion of ANC and monolith leaching experiments. 
9.1 Material mixing 
The observations made during the research program have shown that high ratio 
sodium silicates produce a more rapid set than lower ratio silicates. This has been 
attributed to higher ratio sodium silicates having a larger number of polysilicates 
whereas lower ratio sodium silicates have a predominance of smaller cyclic and linear 
structures. This higher proportion of polysilicates increases the viscosity of the sodium 
silicate. The effect of adding a viscous sodium silicate to OPC systems produces 
discrete areas of silica 'gel' which surround OPC grains. The addition of 0079 to 
OPC/waste systems also produces discrete units in the final solid form which, for the 
APC waste type dramatically affect the structural integrity of the final solid mass. 
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Experimental work needs to be carried out on the addition of 0079 by means of dilution 
of 0079 to reduce the rapid set and allow a greater amount of mixing or possibly 
introducing 0079 in a different form. Spray application may be possible which will allow 
the 0079 to mix with a greater proportion of the waste material and reduce the 
formation of features observed with OPC/APC mixes. In addition, SEM, leaching and 
sample breakdown investigations were only carried on sample mixes where 0079 was 
added to the waste type before the addition of OPC. It is likely that the features 
observed when 0079 is added directly to APC and MO may not be produced and 
therefore the material addition process needs to be confirmed. 
9.2 Waste type. 
The wastes used in this experimental work were 'real' wastes from the burning of 
municipal waste and the by-product of a waste stream filter cake process. . 
The 
advantage of using real waste types is that the investigation and results obtained can 
be applied directly to the waste stream. However, the contaminants present in the 
waste type may not provide detailed results if the contaminants are not in sufficient 
quantities to allow detailed investigations. The results from the SEM Emaps and 
linescan experiments carried out in SEM images provided detail on the elemental 
concentrations on calcium, silica, aluminium, sodium, potassium and chloride. The 
concentration of elements such as zinc, chromium, nickel, lead were lower in the waste 
types making it difficult to clearly identify the location and presence of these elements 
in or associated with features in the solid waste form. The concentration or effect of 
organics in the MO waste was not investigated during this experimental program. MO 
has a carbon content of approximately 28% and a L. O. I of 32%. Future investigations 
will need to identify the organic species in the waste 
Additional experimental work could involve alteration of the different waste types by the 
addition of or 'doping' with increased concentrations of the contaminants already in the 
waste. This would improve the identification of contaminants using SEM image Emap 
development and provide more information during ANC testing and monolithic leaching 
profiles. Adding additional concentrations of contaminants would also identify the likely 
variability of contaminants in waste streams and the different effect this variability may 
have on sodium silicate systems. Set time, strength development, sorptivity, SEM 
imaging and leaching release profiles would all need to be investigated. 
Characterisation of the waste type to include the organic contaminants present would 
also need to be carried out. The 'doping' of waste types with additional organics could 
determine the ability of sodium silicate in reducing the 'poisoning' effect of organics on 
OPC/waste systems. 
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9.3 Contaminant release - Low ratio sodium silicate 
Experimental work was not carried out using low ratio sodium silicate i. e., 0096 and 
0100 on the final solidified waste form. Low ratio sodium silicates may improve the 
containment of contaminants within the waste since they are less viscous and are 
predominately made up of small cyclic and linear chain polysilicates. This may 
increase the available reaction sites to interact with toxic metals within the waste/OPC 
mix. This possible improvement to containment release will most likely be at the 
detriment of set times and strength development observed in the preliminary 
experimental work. Research can be carried out by repeating the experimental for 
Sorptivity, ANC, SEM and monolith leaching tests by replacing 0079 with 0100. 
9.4 Sorptivity 
The research program has demonstrated how the addition of 0079 to OPC and 
OPC/waste systems reduces the ingress of fluid based on the sorptivity test 
methodology. However, the mechanism postulated involving depolymerisation of the 
silica 'gel' and polymerisation in pores within the solid waste form needs further 
investigation. Solid waste forms with 0079 addition can be subjected to sorptivity 
testing and SEM images taken at timed intervals. The level to which the fluid has 
entered to the solid waste form could be determined and any structural difference 
above and below the sorption level could be investigated. In addition, the water in the 
sorption tank could be analysed for the presence of sodium silicate. The presence and 
amount compared to a system without sodium silicate addition would demonstrate 
depolymerisation of silica 'gel' in the waste form. 
9.5 Polymerisation and contaminant containment 
The results from the ANC and monolith contaminant leaching tests have shown that the 
addition of 0079 reduces the concentration of elements released. It has also been 
suggested that silica rich 'gels' could form in the leachate solution once the 
contaminants have been released from the solid mass. These species may be 
removed from the leachate solution during the sample preparation process i. e. filtration 
and not be available for analysis. This theory was developed from the additional 
experimental work carried out on the total dissolved solids tests where discrepancies 
were identified in the final mass balance. It was suggested that solid waste forms with 
added 0079 produce larger amounts of precipitated silicas when leachate solutions are 
dried and tested for dissolved solids. 
To investigate this hypothesis, the leachate solution used in monolithic leaching tests 
or ANC tests can be allowed to stand for a period of time allowing the formation of 
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these identified species. The leachate solution could then be passed through a filter 
paper to remove and silica 'gels' formed. Analysis can then be carried out on the 
contents of the filter paper and a leachate solution that has not been filtered to 
determine if contaminants are retained. 
9.6 Summary 
A number of key areas for future work have been identified that will enhance the 
findings of the research program detailed in this thesis. In addition, repeat experiments 
on work already carried out will also prove the mechanisms identified during the 
research program. 
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A1.0 History and business operations of sponsor company. 
All History of Crosfield/INEOS Silicas 
Since sodium silicate was first made at Warrington nearly two centuries ago, 
manufacturing processes have been evolving and the company has worked in close 
partnership with customers to develop purpose-built products for new and demanding 
applications. The Warrington site has developed over the last two hundred years into a 
well established market leader and silicate chemistry is fundamental to the business. 
The name Crosfield was synominous with silicate sales through out the world until 
recently when the company was taken over by INEOS Group and changed to INEOS 
Silica's. 
1815 Joseph Crosfield starts soap production at Bank Quay 
1861 Sodium Silicate manufacture starts 
1896 Limited company formed 
1911 Crosfield/Gossage share exchange with Brunner Mond Crosfield 
1913 Crosfield half owned by Lever 
1915 Crosfield family withdraw from the business 
1918 Bought by Lever Brothers 
1930 Formation of Unilever 
1980 Rapid internationalisation - Eijsden (Netherlands), Joliet (USA), Brazil 
1997 Transferred to the ICI group 
2001 Transferred to INEOS group 
2001 Crosfield transformed into: INEOS Silicas 
Today, INEOS Silicas offers a complete range of soluble silicates, supplying and 
supporting customers from factories in Europe, the United States and South America. 
Sodium silicate is the most important product in terms of volume and diversity of 
applications. Potassium and lithium silicates are manufactured for applications where 
their special properties are preferred. Their unique combination of chemical and 
physical properties places soluble silicates among the most versatile and widely used 
of inorganic chemicals. The range of applications falls into three broad groupings: 
detergent, chemical and adhesive. 
A1.2 INEOS Silicas Business Areas 
INEOS Silicas soluble silicates fulfil important functions in detergents for both the 
household and industrial sectors. Household laundry detergents incorporate sodium 
silicate as a builder, corrosion inhibitor and processing aid. INEOS Silicas offers liquid, 
powder and granular products to suit the particular formulatory and processing needs 
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of individual customers. Detergents for machine dishwashing and for industrial 
applications rely on the excellent buffering, saponifying and soil suspension properties 
of INEOS Silicas soluble silicates. 
Sodium silicate is also consumed in large quantities as a silica source for further 
chemical synthesis. INEOS Silicas uses silicate to create synthetic silica in precipitate 
and gel forms as well as to produce zeolites for the detergent and catalyst industries. 
Other chemicals requiring silicate for their manufacture include silica sol and titanium 
dioxide. INEOS Silicas silicates are also used as a chemical auxiliary. They perform 
an important stabilising role in peroxide bleaching of paper pulp and textiles, and are 
incorporated in developer formulations for the lithographic industry. 
In the third group of applications, INEOS Silicas silicates function as adhesives. The 
bonding of paper tubes and drums, for example, utilises sodium silicate as an adhesive 
in its own right. In other applications, the bonding or setting may be reinforced by heat 
or chemical reaction. Such techniques are used in the refractory and foundry 
industries, and extensively in the civil engineering sector for sprayed concrete, soil 
consolidation and sewer repair. 
To ensure rapid response to enquiries about the chemistry and application of soluble 
silicates, INEOS Silicas has experienced technical service personnel at all of its 
international locations. Fundamental applications research is carried out in the UK and 
the Netherlands and, until recently, underpinned by the resources of Unilever Research 
Laboratories. A recent purpose built laboratory on the Warrington site has now been 
completed and will be used to increase customer support and develop new markets for 
silicate derivatives. INEOS Silicas will continue the growth of silicate derivatives into 
the future. 
Al. 3 The Historical Development of Alkali Silicate Chemistry 
Alkali silicate chemistry has been investigated for a number of centuries; its historical 
background is worth a brief mention. The historical aspects and alkali silicate 
applications throughout the silicate industry have been taken from internal documents, 
marketing material and individual papers written by prominent employees within the 
organisation e. g. Minihan, A (Joint Industrial Supervisor) and Lovell, A (Director, 
Silicates R&D) 1993. 
The solubility in water of a fused mixture of flint pebbles with potash was first described 
by the Brussels physician Jean Baptiste Helmont (1577-1644) in his posthumous work 
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"Ortus medicinae", Amsterdam 1648. Independently, Johann Rudolph Glauber (1604- 
1670) studied the properties of a "thick" solution that he obtained form a fused mixture 
of sand, flint pebbles, or crystalline quartz with potash, and named "Liquor Silicum". He 
recommended its use as a curative agent, for the production of liquid fluxes in metal 
smelting and for glazing earthen vessels. In 1768, during the course of his alchemical 
studies, Goethe became interested in potassium silicate. Although there are many 
later reports, the water soluble silicates were seldom put to practical use until about 
1825 when Johann Nepomuk von Fuchs in Munich investigated the industrial 
production of water soluble potassium and sodium silicates, which he named 
"waterglass", and proposed that their solutions might be used as adhesives, for sealing 
porous stone, and as binders for fresco painting. He exchanged his ideas with Justus 
von Liebig and C. F Kuhlmann. The latter first produced waterglass in France in 1841. 
Soon afterwards, similar work was undertaken in England by W. Gossage, and in 
various parts of the United States. Waterglass was more widely used during the 
course of the American Civil War (1861-1865), when the northern states utilised it in 
soap manufacture as a replacement for rosin formerly obtained form the southern 
states. At present, the use of alkali silicates has become well established in the bulk 
chemicals market place. Production is a fairly simple process involving the fusion of 
readily available raw materials, which can be chemically altered to produce a wide 
range of derivatives for a number of applications. 
A1.4 Alkali Silicate Production 
Sodium silicate glasses are prepared commercially as glass lumps or powders. 
Mixture of pure silica sand (glass sand) and alkali carbonate in the required ratio are 
continuously fed into furnaces that are regeneratively heated by oil or gas. The 
temperature of the gas space is ca. 1600°C with the final melt being 1399-1500°C. The 
melt flows through the furnace and leaves continuously via an overflow into small 
moulds that are moved along in an endless chain. The cast pieces (8cm by 1-2cm) 
cool as they are transported. Silicates are also produced in a batch process in small 
furnaces or continuously in rotary furnaces. The cast blocks of silicate glass are 
dissolved in water while still warm or after immediate storage. 
The warm lump glass is usually dissolved at >_ 5 bar and ca. 950°C. Stationary systems 
may be used, but rotating vessels or circulation of the liquor accelerate dissolution 
rates. An excess of solid glass is heated with water until the required concentration is 
reached. The silicate solution containing solid impurities (silicates of, for example, iron, 
titanium, alkaline earths) is removed from the residual excess glass. The solutions are 
then clarified by settling at elevated temperatures or by filtration. A variety of molar 
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ratios and concentrations can be produced by appropriate mixing of a small number of 
silicate solutions produced directly form glass, either with each other or with the 
appropriate alkali hydroxide. Sodium silicate solutions of molar ratio (Rw) s 2.5 can be 
prepared by direct dissolution of quartz sand in sodium hydroxide solution under 
pressure at :5 ca 150 T. Sodium silicates with a Rw up to 3.3 may be obtained by this 
method using silica sources such as amorphous silica, diatomite, or cristobalite. 
Processes of this kind are likely to increases in importance because they require less 
energy than glass formation followed by dissolution. 
A1.5 Applications and Uses 
The use of Alkali metal silicates fall into two broad categories, firstly as raw materials 
from which further industrial products can be derived. This application utilizes the 
silicate anions as building blocks for the formation of a range of silica-containing 
materials and represents the single largest uses of soluble silicates. These derived 
products include silica sols, silica gels, precipitated silica's, zeolites, aluminosilicates, 
magnesium silicates, synthetic clays, ceramics and catalysts. Secondly, as functional 
additives in a wide range of applications exploiting the varied properties of the silicates. 
These include a source of buffered alkalinity, an inorganic polymeric system with 
adhesive, binder and film forming capabilities, range of available compositions capable 
of forming hybrid systems with organics (e. g. polymers) and other inorganics. 
A1.6 Detergents 
This area of use represents the largest functional use of silicates. Use is made of the 
alkalinity and buffering capacity to aid in soil removal, assist in the suspension of soil 
particles, enhance the effectiveness of surfactants by sequestering calcium and 
magnesium ions and inhibit corrosion of metal surfaces. In fabric washing powders 
liquid silicates have traditionally been incorporated into the spray-dried powders at 
levels of 5-15%, whereby the silicate also provides crisp and easily handled detergent 
granules. Compared with household detergents, those intended for industrial use 
contain much greater amounts of silicate and normally form solutions of high alkalinity. 
Theses formulations are often destined for heavy duty applications involving contact 
with high loadings of oils and fats or particulate soils. The saponofication and soil 
deffloculation characteristics of silicates are important in these applications 
Recently the levels of incorporation of liquid silicates have been decreasing with the 
change to zeolites based powders and more use is know being made of powdered 
soluble silicates added after spray drying. Zeolites, which are crystalline 
aluminosilicates, are synthesized form sodium silicate and sodium aluminate. Their 
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basic structural unit is the SiO4 tetrahedral network with partial replacement of silicon 
by aluminium. These materials, which are sometimes referred to as molecular sieves, 
are used for ion exchange and as high selectivity catalysts and absorbents. Type 4A 
and A24 zeolites are widely used as a substitute for phosphates in detergents. 
A1,7 Foundries 
Large quantities of liquid silicate are used in the foundry industry to bind together sand 
moulds and cores prior to pouring with molten metal. The silicate is set by a reaction 
with C02, blown through the silicate-sand mixture, or by incorporation of glycerol esters 
which hydrolyse and cause the setting reaction by release of organic acids. One of the 
main advantages of the use of liquid silicates in foundry cores is the absence of toxic or 
unpleasant fumes during casting, leading to a cleaner and safer working environment 
A1.8 Bonding and Adhesives 
Silicate liquors are used widely as adhesives with the largest consumer being the 
paper and board industry for applications such as spiral tube winding, corrugated 
boxboard and fibre drums. The bonding and adhesive properties of soluble silicates 
can be divided into two categories: those which the silicate alone forms the bond and 
those in which the silicate bond is reinforced by chemical reaction. Silicates are also 
used to bind insulting materials such as vermiculite in building panels, coal dust 
briquettes, roofing tiles, bricks and ceramics, refractory cements and in the 
manufacture of welding rods. Acid resistant cements are required in many applications 
such as chimney brickwork, sewer pipes and tank linings. Sodium silicate is an 
extremely useful binder as its reaction with acid produces silica, which is subsequently 
resistant to all acids except hydrofluoric. 
A1.9 Surface Coatings 
Silicate liquors are used in a variety of surface coating applications. These include the 
sealing of porous surfaces such as concrete; as a vehicle for the preparation of paints 
for masonry and glass surfaces and for general fireproofing. The soluble silicates are 
used to coat and seal porous or dusty surfaces such as concrete, pertite, vermiculite 
and asbestos. The effect is not confined to the surface, as the silicate penetrates into 
the substrate and reacts, so reducing porosity. Silicates are also used to coat Ti02 
pigment particles to improve stability. 
A1.10 Paper De-inking and Bleaching 
Sodium silicate liquors are used in the paper industry to promote de-inking of recycled 
newsprint and also act as a promoter to achieve enhanced bleaching with hydrogen 
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peroxide. It stabilises the peroxide by binding transition metals such as Iron, copper 
and manganese which would otherwise catalyse premature oxygen release. Both 
mechanisms are environmentally driven applications and demand is expected to grow 
as pressure increases to recycle more paper and to switch from chlorine to peroxide- 
containing bleaches. 
A1.11 Water Treatment 
Silicates are added to water, including potable water, in concentrations of a few ppm to 
prevent discolouration due to dissolved iron. The mechanism involves a poorly 
understood process where silicate forms a "soluble" iron-hydroxide-silicate complex 
which prevents the formation of visible iron flocs. An additional benefit of such water 
treatment with silicate is the corrosion protection afforded to metal pipes in household 
heating systems, boilers and radiators. 
A1.12 Civil Engineering 
Silicates are used to stabilise soils in many civil engineering projects involving drilling, 
tunnelling and mining. In the excavation of road and rail tunnels, concrete is often 
sprayed onto the freshly exposed tunnel walls in order to prevent rock fall and reduce 
water ingress. Sodium silicate solution is mixed with the concrete at the spray nozzle 
and gives an accelerated set, which holds the concrete in place while curing occurs. 
Ground consolidation prior to tunnelling/shaft sinking can be achieved by a number of 
processes depending on soil conditions. One technique, the 'Joosten process', relies 
on the injection of sodium silicate solution and a reactant such as calcium chloride as 
separate streams, which react instantly, forming a gel at the point where consolidation 
is required. A similar technology to the above involves the use of a specially modified 
sodium silicate in the repair of underground sewage pipes. Sodium silicate is the 
principle component of the Sanipor''"' 'no-dig' system, in which a durable and long 
lasting repair is made by the 'in-situ' formation of a concrete-like matrix around 
defective pipe sections 
Al . 13 Environmental Benefits 
Soluble sodium silicates are inorganic and environmentally benign. They are saturated 
with respect to oxygen and do not posses a chemical oxygen demand (COD) or a 
biological oxygen demand (BOD). In effluent and surface waters they are rapidly 
dispersed and neutralised. The resultant silica compounds are chemically similar to 
those which comprise a high percentage of the earth's crust. 
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A2.0 Ineos laboratory analytical methods 
A2.1 Determination of water soluble fluoride, chloride, nitrate, phosphate and 
sulphate by Ion Chromatography using the Dionex DX-100 unit. 
1. PRINCIPLE 
The anions are extracted from the sample matrix by boiling with water in a 
microwave vessel and the anion concentrations in the resultant solution are 
then determined by ion chromatography. This method may also be applied to 
solutions, omitting the microwave digestion stage, but solutions with high acid 
or organic contents are not suitable for analysis with this IC configuration. 
2. APPARATUS AND REAGENTS 
All glassware used is acid-washed by carefully rinsing with concentrated nitric 
acid and then triple rinsing with chromatography grade de-ionised water prior to 
use. Tap water SHOULD NOT BE USED. All reagents are of ANALAR or 
ARISTAR quality unless stated. 
2.1 Dionex DX-1 00 Ion Chromatograph, AI-450 Chromatography 
Workstation, Advanced Computer Interface (ACI) 
2.2 Dionex Automated Sampler Module and 5mi auto-sampler Vials, Filter 
Caps, Capping Tool, Cartridge Cassettes 
2.3 10ml Plastic Syringe, Nalgene 0.45p syringe filter or equivalent and 
Volumetric Glassware 
2.4 Sodium carbonate 
2.5 Sodium bicarbonate 
2.6 Eluant solution. Dissolve 0.572g of sodium carbonate and 0.050g of 
sodium bicarbonate to 2L using fresh distilled water. The solution MUST 
be filtered through a 0.45p membrane filter before use. 
2.7 Certified Anion Standard Solutions, such as Dionex 5 Anion standard 
solution 20pprn F, 30pprn Cl-, 100ppm N03-, I OOppm PO43- and 150ppm 
SO42 mixed standard. 
3. INSTRUMENT SET UP 
3.1 Ensure all the power switches on the instrument are in the OFF position. 
Plug in the DX-1 00 and the AI-450 and turn the mains power ON. 
3.2 Turn on the DX-100 at the switch on the top right hand side of the 
cabinet. Open the door on the DX-100, ensure that the mains switch to 
the pump is ON, and that switch SW4 at the top of the internal cabinet is 
set to OFF. 
3.3 Adjust the eluant nitrogen pressure gauge to 5psi, if required, and 
ensure that the pressure switch is set to ON. 
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3.4 At the front of the DX-1 00, press the high limit switch to turn off the high 
limit operation. This enables the pump to run. Press the low limit switch 
until the display reads LOW OFF. 
3.5 Switch the automated sampler on at the switch located at the rear of the 
machine at which point the DX-1 00 will automatically inject. This 
indicates that the auto-sampler connections are correct. 
3.6 Turn on the AI-450 workstation at the switch on the front of the main 
console. Switch on the monitor and after a few seconds the AI-450 main 
menu screen will appear showing the main icons. 
3.7 Once the main screen has loaded, switch on the advanced computer 
interface at the switch on the rear panel. 
NOTE The workstation MUST be switched on before the ACI otherwise the two 
units fail to connect in order to control the DX-100. 
3.8 On the front panel press the control button until the display reads 
RELAY. 'This indicates that the workstation now controls the DX-100. At 
this point the status of the pump should be OFF. 
3.9 Inside the cabinet of DX-100 turn the switch SW4 to ON. DO NOT leave 
the SW4 ON with no eluant flow. This leads to serious damage of the 
suppressor. 
3.10 Check that the eluant reservoir contains eluant. DO NOT TOP UP - 
throw away any residual solution and refill with the eluant. DO NOT 
maintain large stocks of solutions. This is to prevent the ingress of 
particulate matter (i. e. algal growth) which will impair the performance of 
the chromatograph. 
3.11 On the front panel use the range buttons to adjust the display until it 
reads 30 s for full-scale reading. At this point the chromatography 
system is ready for use. 
3.12 For reference, general chromatographic conditions are given below 
Sample Loop Volume 25 microlitres 
Guard Column HIPIC-AG112A-SCIAG112A 
Separator Column HIPIC-ASI 12A-SC/AS1 12A 
Eluant 2.69 mM Na2 CO3.0.30 mM NaHCO 
Suppressor Self Regenerating Suppressor (SIRS) 
4. INSTRUMENT OPERATION 
4.1 Creating a Schedule 
4.1.1 Open the schedule window by double clicking the left mouse button over 
the schedule icon. This gives a spreadsheet style page with Sample 
Name, Method, Data File, Vol, Dil and Int Std columns (as shown in 
section 4.1.5). 
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4.1.2 Open the Sample Name column by placing the mouse pointer over the 
required space in this column and press the left mouse once. The 
square should now turn black. Type in the sample name, this will appear 
above the spreadsheet. Once the name is entered press RETURN, the 
sample name will now appear in the sample name box. 
4.1.3 Next enter the required method for anion analysis. All methods are 
stored and can be accessed by placing the mouse pointer over the 
square and pressing the left mouse button once, highlighting the square. 
Type in the method name for F, Cl-, N03-, P04 3- and SO42 
analysis, i. e. 'ANIONS2' and press return. The method name will appear 
in the highlighted box. 
4.1.4 The Data File column is used to store the data in the schedule. Open 
the Data File column by clicking the left mouse button once over the 
required square. When black, type in the required file name, i. e. date 
code (YYMMIDD) and the next letter in the alphabet (i. e. 961028b for 
the second analysis on that day) and press RETURN. The file name will 
now be entered into the box. 
4.1.5 Once the above sample information has been entered the system must 
be shut down after the run has been finished. This is done by typing 
STOP in the next available space in the sample name column and the 
method and Data File columns. THIS STEP MUST BE INCLUDED as 
failure to do so will damage the SRS unit. The final schedule (using the 
example of calibration standard ID's for the Sample Name) should now 
look as follows: 
Sample Name Method Data file Vol DII Int Std 
1 AUTOCALIRE ANIONS 961028 1 1 1 
2 AUTOCAL2RE ANIONS 961028 1 1 1 
3 AUTOCAL3RE ANIONS 961028 1 1 1 
14, AUTOCAL4RE ANIONS 961028 1 1 1 5 STOP STOP STOP 1 1 1 
4.1.6 The schedule must now be saved before the window is closed. Place 
the mouse pointer on top the menu bar over the FILE command; click 
the left mouse button once. A pull-down menu will appear. 
4.1.7 Move the mouse pointer onto the SAVE AS command and click the left 
mouse button. A second window will now appear. At the prompt, type in 
the name you wish to store the schedule under and press ENTER. The 
schedule is now stored and the main window will appear again. 
4.1.8 Close the schedule editor program by placing the mouse pointer over 
the [-] bar at the top left hand side of the window. Double click the left 
mouse button quickly and schedule will close and the main menu will 
appear. 
4.2 Using and Loading the Auto-Sampler 
The auto-sampler unit is used to load and run the samples stored in a schedule. 
Hence, it is important that the samples are loaded in THE SAME ORDER that 
they were entered into the schedule. It can hold up to 6 racks of 5ml sample 
vials, each of which is capped with a 20 m filter cap. 
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4.2.1 Fill the vial to the line with the sample and then place the filter cap on 
top. Using the vial capping tool, push the filter cap down until it is flat to 
the top of the vial. 
4.2.2 Place the vial in the next available space in the cartridge. 
NOTE: The white spot on the cartridge MUST be placed on the right hand side 
when loading the cartridge. 
4.2.3 Load the cartridge into the left hand side of the auto-sampler ensuring 
that the caterpillar racks on the cartridge and the base unit mesh 
properly. 
4.2.4 On the front panel of the auto-sampler unit press the status button until 
the RUN light comes on. The auto-sampler is now ready for use. 
NOTE: Never use the skip button as this causes the auto-sampler to fault. This 
results in the system to failing to send the inject signal. If a sample vial 
must be removed, follow steps 4.2.5 to 4.2.7. 
4.2.5 Change the status to HOLD 
4.2.6 On the right hand side of the rear panel press the REVERSE button to 
reverse the entire load sequence. If required, the load head will move 
back to the ready position and the caterpillar track will reverse the 
cartridge until it is completely clear of the loading station. 
4.2.7 Once this operation is complete, press the status light back to RUN, 
remembering to update the schedule if necessary. 
4.3 Creating a Run 
This is where the samples stored in the schedule are run and the 
chromatograms are generated. 
4.3.1 To open the RUN from the main menu, place the mouse pointer over the 
RUN icon and double click with the left mouse button. A blank screen 
with a menu bar at the top should now be visible. 
4.3.2 Place the mouse pointer over the LOAD command in the menu bar and 
click once with the left mouse button. A pull-down menu will appear, 
place the pointer over the SCHEDULE command and click the left 
mouse button. 
4.3.3 A second window will now appear which lists all the saved schedules 
available. Place the mouse pointer over the desired schedule and press 
the left mouse button. The schedule name will now appear in the prompt 
box above the list. Check that the name is correct and then move the 
mouse pointer over the OK command and press the left mouse button. 
4.3.4 A Larger screen window will now appear. All the figures on the screen 
are default and can be removed by clicking on the OK command. 
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4.3.5 The system will now load the schedule. Once this is done the DX-100 
will activate (the pump will switch on) and the sample name for the first 
injection will appear in the bottom left of the window. 
4.3.6 Once the system is operating place the mouse pointer over the RUN 
command in the menu bar and press the left mouse button. At the pull- 
down menu click on START. 
4.3.7 A command check window will open to check that the system is ready. 
Before continuing beyond this point check the following: 
a) The schedule is correct 
b) The pump is running 
c) The Eluant reservoir is full 
d) Switch SW4 is ON 
e) The suppressor setting switch is at position 2 
f) The column switches are correct, i. e. 
Switch 1- Eluant AB 
Switch 2- Eluant A 
Switch 3- Column A 
g) 
h) 
The auto-sampler is loaded and is at RUN status 
The conductivity is µS is giving a stable reading, between 
11-13µS 
If all conditions are met click on OK. If any one of the conditions fail the 
fault must be corrected before continuing. 
4.3.8 At this point the system will run the timed events sequence set in the 
method and the system be left to run. 
NOTE: DO NOT CLOSE the RUN window whilst a run operation is in process. 
4.3.9 Once the run schedule is complete, close the run window in the normal 
way. You will be presented with a check window asking if you wish to 
close the window. Click on OK, you will now be returned to the main 
menu. 
S. SAMPLE PREPARATION 
5.1 Into a clean, dry microwave digestion vessel accurately weigh 1g (W) of 
sample. 
NOTES (1) For hydrogels, use 2g of sample 
(2) For desiccant gels, use 5g of sample. 
These samples cannot be prepared with other samples so must be prepared 
separately. 
5.2 Add 50m1 of glass distilled water (use a dispenser). 
5.3 To the control vessel, add a similar amount of sample, as in 5.1. If 
preparing a mixed run, use the sample with highest surface area in the 
control vessel. Add 50m1 of glass distilled water (use a dispenser). 
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NOTE: Failure to use a sample in the control can result in melting of the 
microwave vessels. 
5.4 Connect to microwave oven and heat for required time. Allow sample to 
cool to room temperature before opening vessels. 
5.5 Using a clean 10ml syringe and a O. 45µ syringe filter, filter at least 20m1 
of the solution into a clean sterile jar labelled with the sample 
identification. The solution is now ready for analysis. 
6. INSTRUMENT CALIBRATION 
This should be performed after initial system set-up and after a column has 
been changed. 
6.1 Standard Preparation 
6.1.1 Prepare fresh standards from the mixed 5 anion standard (see 2.7) 
using the following table as a guide which gives the amount of stock and 
flask size to use. Dilute to volume using DI water. 
NOTE: The standard concentrations given in the table are calculated from the 
exact concentrations on the standard bottle, so any change in stock 
concentration must be accounted for by re-calculation of the standard 
concentration. 
STD ppm 
F' 
ppm 
Cl 
ppm 
N03" 
ppm 
P04s' 
ppm 
S04'- 
ml of 
Stock 
Flask 
Sizelml 
1 0.4 0.6 2 2 3 1 50 
2 0.8 1.2 4 4 6 2 50 
3 1.6 2.4 8 8 12 2 25 
4 6.4 9.6 32 32 48 8 25 
6.1.2 Filter the solution through a O. 45µ syringe filter, and load into the auto- 
sampler. Refer to section 4.2 for further details. 
6.2 Calibration Run 
6.2.1 Create a schedule for the calibration. Include sample names 
AUTOCAL1RE - AUTOCAL4RE and the STOP commands (see table in 
section 4.1.5). When completed, the calibration schedule should look as 
the table given above. 
6.2.2 Run the calibration, check for linearity (see 6.3) and store. 
6.3 Checking the calibration 
6.3.1 Place the mouse pointer over the Cal-Plot icon on the main menu 
screen and double click with the left mouse button. You will now be 
presented with the Cal Plot window. 
6.3.2 At the menu bar place the mouse pointer over the file command and 
click with the left mouse button once. At the pull-down menu, click on 
OPEN. 
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6.3.3 The OPEN window will now appear, click on the desired method - ANIONS2 and then click on OK 
6.3.4 The calibration screen will now open. Using the arrow keys at the 
bottom of the window toggle between the sulphate and chloride peaks. 
6.3.5 Check that the points fit closely to the best straight line plot, and that the 
r above the plot is within the range 0.998-1.00. If the above conditions 
are not met, repeat the calibration. 
6.3.6 If the calibration is not linear, prepare fresh standard and repeat 
calibration. 
6.3.7 To return to the main menu, close the window as usual. 
7. SAMPLE ANALYSIS 
7.1 Daily Control Solution Analysis 
A control sample should be run on a daily basis and the results for sulphate and 
chloride plotted on a suitable control chart. 
7.1.1 Prepare a control solution by diluting 50m1 of mixed 5 anion standard 
(see 2.7) to 500ml in a volumetric flask with DI water. 
7.1.2 Filter the solution through a 0.45µ syringe filter, and load into the auto- 
sampler. 
7.1.3 Create a schedule and analyse the control solution. If the results fall 
within the specified control limits, proceed with analysis of samples. 
7.1.4 If the results fall outside the control limits, adopt the following 
procedures until the results fall within the established limits 
a) Repeat the analysis of the control sample 
b) Check eluant conductivity, if >13. OpS, prepare fresh eluant, and 
run the control sample 
c) Prepare a fresh control sample and analyse 
d) Re-calibrate the instrument, and run the control sample 
e) Clean the column (by experienced personnel only, see separate 
method for details) and re-analyse the control sample 
7.1.5 If the results still fall outside the limits, the column may need replacing. 
Consult experienced personnel. DO NOT PROCEED WITH ANALYSIS 
if the control solution does not fall within specified limits. 
7.2 Calculation of K prime value 
This value can be used to indicate column condition and should be calculated 
every time a control solution is analysed. 
7.2.1 When the column control sample is first tested, the time between the 
chloride (Cl ') retention lime and the sulphate (SO42') retention time for 
the daily control sample is calculated. 
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7.2.2 Every time the daily control sample is run, the retention times are again 
calculated and the result is expressed as a percentage of the original 
value. 
%K Prime = Daily Result x 100% 
Original Result 
7.2.3 The K prime result is then plotted on a graph of %K prime v date. When 
the value is < 90%, the column should be cleaned (by experienced 
personnel only, see separate method for details). 
7.2.4 If the K prime value is still < 90% after cleaning, the column should be 
replaced. 
7.3 Sample Analysis 
7.3.1 Create a schedule and analyse the sample solution (that has been 
filtered through a 0.451im syringe filter). 
7.3.2 If the results are found to be over the range of the calibration standards, 
then dilute appropriately and repeat the analysis. (Remember to include 
this second dilution factor in the final calculation, e. g. 50/5 for a dilution 
of 5m1 in a 50ml flask. ) 
8 CALCULATIONS AND RESULTS 
8.1 The "as received" (AR) concentration, in ppm, of analyte is given by 
Analyte ppm (AR) =Rx 
Dl 
x 
D2 
xF 
where 
R= sample reading (from chromatograph) 
D1 = first dilution factor (original flask size) 
W= mass of sample 
D2 = further dilution 
A= aliquot diluted 
F= RMM compound / RMM analyte e. g. Nat SO4 142/ 96 
NaCl=58.5/35.5 
8.2 To convert from ppm to percentage, use the following equation 
% analyte = ppm analyte x 0.0001 
8.3 Dry basis (DB) results are expressed as: 
ppm/ % analyte (DB) = ppm/ % analyte (AR) x 100/(100-NM) 
8.4 Refer to the product specification and record the result as Pass 
or Fail. For analytical requests record the result as percentage or 
ppm, where appropriate. 
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A2.2 Determination of Bulk Density by Measuring Cylinder. 
1. PRINCIPLE 
A measuring cylinder is filled with the powder and the contents weighed. 
2. APPARATUS 
2.1 Analytical balance 
2.2 Measuring cylinder, sawn off at 25m1 mark 
2.3 Powder funnel 
3. PROCEDURE 
3.1 Take a plastic measuring cylinder sawn off at 25m1 mark and tare on 
a balance. 
3.2 Remove from the balance and pour enough sample through a 
powder funnel to fill the cylinder. 
3.3 Level the sample with a spatula before it settles and re-weigh 
immediately. 
4. CALCULATION 
Bulk density = Weight of sample 
(g/ml) 25 
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A2.3 Determination of the Carbon Content of Silianised Silica 
by Loco 244 Analyser. 
1. PRINCIPLE 
The total carbon content of the sample is converted to CO2 at high temperature 
using an induction furnace. The CO2 together with the 02 carrier gas is passed 
through a CO2 detector from which the total carbon is the calculated and displayed. 
2. APPARATUS 
2.1 Leco 244 analyser (balance included) 
2.2 Ceramic Leco crucibles and lids 
2.4 Accelerator chips, large and small 
2.5 Carbon standard (traceable), around 2.86%C 
2.6 Oven maintained at 2000C 
2.7 Desiccator 
3. PROCEDURE 
3.1 Sample Preparation 
3.1.1 Place approximately 2-5g (+/- 0.01g) of the silanised silica into a 
crucible and heat in an oven at 200° C for two hours. 
3.1.2 Remove the sample to a desiccator and allow to cool. 
3.2 Instrument Calibration 
3.2.1 Place a Leco crucible in the balance and allow it to self-tare. Weigh 
out 0.2g of standard into the crucible and tare the balance. 
3.2.2 Remove from balance and carefully add one scoop of each of the 
two accelerator chips, then place lid on crucible. Place crucible on 
pedestal and raise pedestal into furnace. 
3.2.3 The result will be displayed on control console. 
3.2.4 Check the result with the calibration chart, if it falls within the limits 
continue with sample analysis (see 3.3), if it falls out side the limits 
repeat once. If standard is out side the calibration limits, then a full 
calibration must be carried out (see 3.4). 
3.3 Sample Analysis 
3.3.1 Place a crucible in the balance and allow it to self-tare. Weigh out 
approximately 0.1g of sample into the crucible and tare the balance. 
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3.3.2 Remove from balance and add accelerator chips as before and place 
lid on crucible. 
3.3.3 Place on pedestal and raise into the furnace. 
3.3.4 Result will be displayed as before, repeat two more times and take 
the average value as the result. 
3.4 Full Instrument Calibration 
This must be carried out in the event of the calibration standard falling 
outside control limits for the second time. 
3.4.1 Follow steps 3.2.1 to 3.2.3 and in turn measure 5 carbon standards 
(of known concentration) in the range 0.5-12%C. 
3.4.2 Press <<SYSTEM UPDATE>> on the console and answer the 
prompts as follows: - 
Display Constant: NO Calibration number: 2 
Auto Calibration: YES Carbon re-calibration: YES 
Sulphur re-calibration: NO 
3.4.3 Scroll through the results generated for the 5 standards (the last 5 
results are automatically stored by the instrument) and 
<<ACCEPT>> the 3 results closest to the documented %C value. 
<<REJECT>> the other two. 
3.4.4 The calibration is automatically saved. 
A2.4 Preparation of Sand by HF Digestion for Analysis by FAAS/ICP. 
1. PRINCIPLE 
The silica is removed as silicon tetrafluoride and the remaining residue is 
dissolved in nitric acid. 
2. REAGENTS 
All reagents used are analytical grade or equivalent, unless stated. 
2.1 Concentrated nitric acid, 69-71 % CAUTION: CORROSIVE 
2.2 Deionised water (Resistivity > 10QMcm 1 
2.3 Hydrofluoric acid, 40% CAUTION: CORROSIVE 
VERY TOXIC 
3. PROCEDURE 
All glassware used is acid-washed by carefully rinsing with nitric acid and then 
triple rinsing with deionised water. 
3.1 Weigh approximately 4g (± 0.01g) of the sample into a clean, dry 
platinum dish. 
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3.2 Start a 'blank' sample at this stage. 
3.3 Add 5m1 DI water and 5mt nitric acid. Transfer to a suitable fume 
cupboard and add 20m1 hydrofluoric acid. 
3.4 Evaporate to dryness on a hotplate, taking care to avoid spitting. Do not 
allow the sample to 'bake'. 
3.5 Repeat steps 3.3 and 3.4 
3.6 Add 5-10mi DI water and 5mi nitric acid to the dish. Heat gently to 
dissolve all of the residue. Allow to cool. 
3.7 Quantitatively transfer to a1 00ml volumetric flask. Dilute to volume and mix 
thoroughly. 
4. RESULTS 
The concentration, in ppm, of analyte is given by 
Analyteppm = (R - B)x iD 
where 
R= sample reading 
B= sample'blank' reading 
D= dilution factor (flask size) 
W mass of sample 
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A2.5 Determination of Pore Size Distribution and Pore Volume by 
Mercury Porosimetry 
1. PRINCIPLE 
Mercury porosimetry is an established technique which uses the Washburn equation to 
quantify the relationship between applied pressure and intrusion of mercury into 
cylindrical pores. A Micromeritics Autopore 9220 instrument is used to automatically 
generate a pore size distribution from which pore volume can be calculated within 
specified pore diameter limits. The method given here can be applied to any powder 
sample. 
2. SAFETY PRECAUTIONS 
2.1 The sample being analysed should be handled appropriately 
according to a COSHH assessment. 
2.2 Mercury vapour is toxic, vaporisation occurs at room temperature 
and when the metallic liquid is broken into small globules, as 
happens in a spillage, the surface area increases and the 
evaporation rate rises. Absorption of mercury is therefore most likely 
to occur either by inhalation of the vapour or by absorption through 
the skin. Because of this, mercury processes must take place either 
in a fully enclosed or exhaust ventilated area. During operation of the 
Autopore 9220 mercury is either enclosed within the instrument or is 
used on the spill tray which has an exhaust ventilation attached. All 
cleaning operations are carried out in a ventilated fume cupboard. 
2.3 In order to reduce the possibility of contamination outside the ventilated 
areas a very high standard of housekeeping must be maintained. At the 
end of the working day the operator must ensure that the whole 
porosimeter area is clean and tidy. 
2.4 An environmental air monitor is situated alongside the porosimeter, 
the monitor displays the mercury concentration in the air and has an 
audible alarm which is set to go off at the occupational exposure 
limit. At the start of a days work in the porosimeter area the reading 
on the monitor should be recorded in the log-book, at the end of the 
working day this should be repeated. If for any reason the monitor 
reading changes significantly during the day or the audible alarm 
sounds this should be recorded together with any relevant 
information as to why this may have happened. 
2.5 The room housing the porosimeter has been designated as the 
mercury handling area. No mercury should be carried outside this 
area. Only personnel trained to operate the porosimeter are allowed 
access to this room. 
2.6 The mercury handling area is a compulsory safety shoes and lab-coat 
area. If a spillage occurs outside the fume cupboard disposable 
overshoes must be worn over the top of safety shoes until such a time 
as the area has been designated as contamination free. The purpose of 
the safety shoes is to prevent transport of mercury into other parts of the 
lab, therefore it is essential that the overshoes are removed before 
leaving the designated mercury handling zone. The overshoes should 
be disposed of in the same way as other mercury contaminated waste 
as described in the following pages. 
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2.7 At all times when mercury is being handled disposable nitrile gloves 
must be worn, this includes transfer of penetrometers to and from 
low and high pressure chambers, cleaning of penetrometers and 
disposal of waste. To prevent the transfer of mercury to other areas 
the gloves should be removed when not actually needed, for 
instance when using the computer, balance etc. 
2.8 It should be assumed that all equipment used in the porosimeter 
fume cupboard is mercury contaminated and none of this equipment 
should be removed. 
2.9 All mercury contaminated paper waste e. g. tissues and paper towels 
should be carefully placed in a self-seal polythene bag kept in the 
fume cupboard. When the bag is full, or at the end of a working day, 
air should be squeezed out of the bag before sealing it. The bag 
should then be placed inside a second bag (of the self-sealing 
variety) which should also be sealed and then placed inside the 
designated swing bin. The swing-bin itself should contain a bin bag 
which when full should be taped up securely and placed in another 
sealed bin bag. This bag can then be disposed of as normal waste. 
2.10 Mercury contaminated glass e. g. pipette tips must be kept in a 
suitably labelled plastic container in the fume cupboard which when 
full should be passed onto the Environmental Safety group for 
disposal. 
2.11 All contaminated liquid should be stored in suitably labelled plastic 
bottles in the fume cupboard which when full should be passed onto 
the Environmental Safety group for disposal. 
2.12 Minor spillage's (including those in the fume cupboard) should be 
cleaned up using the disposable Pasteur pipette attached to a water 
suction pump - this should be done immediately. 
2.13 More serious spillage's should be covered liberally with sulphur 
powder and then sprayed with water to form a paste. The portable 
MVI monitor should be used to locate all the spilt mercury. After 
leaving for a few hours, preferably overnight, the sulphur paste 
should be cleaned away using paper towels and disposed of in 
sealed bags as contaminated waste. The portable MVI monitor 
should again be used to ensure that the decontamination process is 
complete. 
3. ANALYSIS PROCEDURE 
3.1 Weigh appropriate amount of sample (depending on total pore 
volume expected for material) into a penetrometer stem. Care 
should be taken not to overfill the penetrometer, the bulb should be 
no more than one-third full. 
3.2 Apply Apiezon H grease to the lip of the stem piece and attach the 
metal sealing-cap. Sufficient grease must be applied to make a good 
seal but not enough to allow grease to spread outside the contact 
surfaces. 
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3.3 Complete assembly of the penetrometer by adding the insulating 
cap, compressed spring and retaining clip. Apply a small amount of 
Dow Corning vacuum grease about 1-2 cm from the end of the 
penetrometer stem. 
3.4 Enter sample data and appropriate run conditions (see Section 5) 
into the computer. NOTE: Ensure that Formula correction is enabled, 
this option will be found in System Options within the Utilities Menu. 
3.5 Wearing disposable nitrile gloves insert the sample penetrometers to 
be analysed into the low pressure ports on the instrument. Any 
number of samples between 1 and 4 may be analysed at once but 
blank rods must be inserted into any ports not in use, samples 
should not be left in these ports if not being analysed. Once the stem 
has been inserted the knurled collar should be tightened to ensure a 
good seal. 
3.6 For all ports, even those not in use, the capacitance detectors should 
be attached to enable electrical contact to be made. The detector is 
locked into position by twisting clockwise. 
3.7 Start low pressure ºun using the computer (in Main Menu press F7). 
If there is insufficient mercury in the reservoir the computer will 
indicate this and will not allow a run to take place until the reservoir 
has been topped up, to do this remove reservoir cap and carefully 
add clean mercury to the recommended level. It is essential that the 
reservoir cap is replaced before continuing. 
Do not open the low pressure ports whilst a run Is in progress. 
3.8 When low pressure analysis is complete (computer will read IDLE for 
all four ports) remove penetrometers from low pressure ports. 
Ensure that penetrometers are completely full of mercury before 
removing, if they are not do not remove from port unless a plastic 
beaker is held under the port to catch any mercury which may spill 
out, the analysis will then have to be started completely afresh. 
3.9 Remove traces of grease and mercury from the penetrometer stems 
using a tissue. 
3.10 Ensure that fluid level in high pressure chamber is sufficient, if not 
top up with the hydraulic fluid supplied. 
3.11 Transfer penetrometer stems to high pressure chamber (bulb first 
and gently) as follows. There are two high pressure chambers and 
both must contain a mercury filled penetrometer if analysis is to be 
carried out. Under no circumstances must only one penetrometer be 
used. (Any mercury filled penetrometers awaiting high pressure 
analysis must be kept lying horizontally on tray adjacent to high 
pressure chambers). Gently lower penetrometer to be analysed into 
chamber. Ensure penetrometer makes good contact with banana 
plug in bottom of chamber. Carefully lower the chamber closure with 
one hand, at the same time guide the penetrometer stem into the 
closure. Lower chamber closure all the way and ensuring vents are 
open screw very slowly into the high pressure chamber. Towards the 
end of the closure process oil should be extruded into the small 
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plastic cup at the top of the chamber closure, if however bubbles are 
still emerging then the chamber must be reopened and closed again. 
This process must be repeated until all air bubbles have been 
removed from the system. 
3.12 Start high pressure run using the computer (in the Main Menu press 
F8). 
3.13 Immediately after the run has started close vent valves by turning 
clockwise. 
Once closed do not open valves or chambers until end of run. 
3.14 On completion of high pressure run, first open vent valves and then 
open chamber closures, remove penetrometers and transfer 
carefully to adjacent fume cupboard. 
3.15 Carefully dismantle penetrometer assembly in fume cupboard. First 
release spring-clip and remove clip, spring and insulation cap whilst 
holding penetrometer vertical, bulb uppermost. Then, with stem in more 
horizontal position (and pointing slightly upwards) and bulb positioned 
over a beaker, slowly and carefully push sealing-cap upwards and apart 
from stem allowing mercury to pour out of stem into the beaker. 
3.16 When excess relatively clean mercury* has been removed, wipe 
around lip of stem with a tissue to remove grease and sample. 
3.17 Remove remaining traces of sample and mercury using a wash- 
bottle of water and flush through the stem collecting the washings in 
another beaker. To complete the process use the suction pipette in 
the bulb and stem to remove excess oil. At this stage there should be 
no obvious sign of mercury remaining in the penetrometer. 
3.18 Transfer semi-dean penetrometer stems and rest of assembly to 
bowl containing hot water and detergent. 
3.19 Rinse penetrometer stems and rest of assembly with water. 
3.20 Rinse clean penetrometers with IPA and dry using a compressed 
air-line. 
* This mercury should be partially cleaned by passing through two 
successive funnels, the first containing detergent solution and the second 
IPA. Full bottles of mercury should then be sent away for cleaning by triple 
distillation. 
# Residue which cannot be recycled should be passed through a filter funnel 
into a waste bottle. 
4. ANALYSIS RUN CONDITIONS 
4.1 Run Conditions Sets 
I For general use, gives intrusion data only 
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2 For EP silicas, gives intrusion and extrusion data 
4.2 Pressure Tables 
I For general use, normally used with Run Conditions Set 1 
5 For EP silicas, normally used with Run Conditions Set 2 
4.3 Report Sets 
1 For general use, normally used with Run Conditions Set I 
Tabular data only, normally used with Run Conditions Set 2 
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A2.6 Determination of the Average Particle Size and Distribution using a 
Malvern Mastersizer Analyser. 
1. PRINCIPLE 
The Mastersizer uses a development to the 'Fraunhofer' scattering theory to model 
measured light scatter of a material through a laser analyser beam - the 'Mie' theory. The 'Mie' equation takes into account both the relative refractive index and 
the absorption characteristics of the material under test and is considered important 
particularly at low sizes. A low power laser illuminates a sample cell containing a 
suspension of particles in a liquid. The diffracted light is focused on to a multi 
element ring detector, each element being optimised for a particular particle size. 
The signal from each detector is electronically transferred to the computer, which 
converts this information into a particle size distribution. 
2. APPARATUS 
2.1 Malvern Mastersizer, including :- 
" Laser transmitter 2mW He-Ne laser (633nm wavelength) 
" Liquid circulation system/ultrasonic bath for sample suspension 
" Detection system 31 element solid state detector array 
" IBM PC/AT compatible desk top computer 
" IBM graphics compatible printer - hard copy of 
results/distributions 
NOTES 
1. Circulation Systems 
This incorporates an ultrasonic sample tank to break down cohesive particle 
aggregates. The instrument is conveniently used with water as the suspension 
liquid. Any liquid can be used provided it does not damage the fabric of the 
instrument or constitute a fire hazard. 
2. Detector System 
This system is variable and depends on the focal length of the lens in use. The 
measurement range is 0.1-600Nm using three lens sizes: - 
45mm lens : 0.1 - 80 im 300mm lens: 1.2 - 600pm 
100mm lens : 0.5 - 180pm 
3. Computer 
The computer has three main functions: - 
1. Processor of laser diffraction pattern 
2. Instrument control 
3. Data storage 
3. PROCEDURE 
3.1 Operational set -up 
3.1.1 Switch on the computer at the front right hand side (RHS), ensuring 
that any floppy disk has been removed from the computers disk. 
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3.1.2 Switch on printer (RHS) and the Mastersizer - (LHS). 
3.1.3 Switch on Mastersizer laser with key and press red button (LHS) and 
turn on the water supply to the Mastersizer 
3.1.4 The computer now shows the Malvern menu. 
3.1.5 Press the F1 function key to load the Mastersizer software this also 
causes the sample tank to drain and refill. 
3.1.6 To load the operating programs, type the commands: Loa pro, bcl 
and press return. 
3.1.7 If the tank on the Mastersizer has not filled: - 
a) Ensure water supply is switched on 
b) Type tan and press return to fill the tank 
3.2 System Set-up 
3.2.1 Select and install the correct lens for the sample under test. (See 
product sheet). Type the command: foc xxx where xxx is the focal 
length of the chosen lens. 
3.2.2 To automatically align the laser, type the commands: aa and press 
return. 
3.3 Sample Analysis 
3.3.1 Commands: Type 5 and press return. 
The instrument will measure the background and display a list of light 
energy levels on the individual detectors. In all cases apart from 
the first one all numbers should be below 25. This is a measure 
of the cleanliness of the system and analysis performed above these 
levels decreases the instrument sensitivity. Notify experienced 
personnel if above these levels to clean the lens and/or cell. 
3.3.2 Type in the appropriate command for the material under test and 
press return (see product sheets), e. g. : run 11 for the Gasil 23 
series. Title the sample edit page and press END on the keyboard. 
NOTE: A file containing program listings and product sheets is kept with the 
instrument. 
3.3.3 While observing good sampling procedures, add the sample to the 
dispersion bath after the background measurement has been made. 
The analysis will then run through to completion. 
NOTE: If the obscuration is greater than 25%, the sample will be 
automatically diluted to the correct level. 
The setting of pump, stir, ultrasonic rates/times are set from the 
program used. The measurement, calculations, printout if requested, 
result/data storage and instrument cleaning will take place 
automatically. 
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To start the next sample return to step 1 (System set up) or step 1 
(sample analysis) as appropriate. 
3.4 Shutdown Procedure 
3.4.1 Type command: END and press return. On the appearance of the 
Mastersizer Menu, press the ESC button. 
3.4.2 At the A prompt turn the computer off, followed by the printer. Turn 
off the laser and secure the key press red button. Turn off the 
Mastersizer and the water. 
For other operational details consult the Mastersizer Manual. 
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A2.7 Determination of the pH of Silicas. 
1. PRINCIPLE 
The sample is dispersed in distilled water to obtain an aqueous 
suspension and the pH is measured on a pre-buffered pH meter. 
2. APPARATUS 
2.1 Analytical balance, 4 d. p. 
2.2 150m1 glass beaker 
2.3 pH meter 
3. PROCEDURE 
3.1 Weigh an amount (± 0.01g) of sample into a 150m1 
glass beaker and add an aliquot of cold CO2 free 
water. Use the following table as a guide and refer to 
the appropriate specification for the % pH aqueous 
suspension level 
Aq suspension mass of sample /g ml cold CO2 free water 
5% 5 95 
10% 10 90 
25% 25 75 
3.2 Stir to disperse the sample and determine the pH value on the meter 
which has previously been buffered using appropriate standard buffer 
solutions. 
A2.8 Determination of the Percentage Total Volatile Matter at 1000°C. 
1. PRINCIPLE 
The sample is heated in a muffle furnace at 1000°C and the loss in weight is 
expressed as a percentage. 
2. APPARATUS 
2.1 Silica crucible 
2.2 Muffle furnace maintained at 1000°C, muffle tongs 
2.3 Desiccator 
2.4 4 d. p. Analytical balance 
3. PROCEDURE 
3.1 Accurately weigh a clean dry silica crucible. Record the weight - WI. 
3.2 Fill the crucible about three-quarters full (approximately 1-10g of 
sample, depending on the product). Record the total weight - W2. 
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3.3 To avoid loss through 'spitting', place the crucible in a cool furnace 
and raise the temperature to 1000°C. Maintain at this temperature 
for 1 hour. 
3.4 Remove from the furnace, cool to room temperature in a desiccator, 
reweigh and record the final weight - W3. 
4. CALCULATION 
% loss at 10000C = (W2 - W3) x 100% 
(% NM) (W2 - W1) 
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A2.9 Determination of Specific Gravity of Silicate Solutions 
Principle 
The measuring principle of the instrument used is based on the change of the natural 
frequency of a hollow oscillator when filled with a different liquid or gas. The mass, and 
thus the density of the liquid changes this natural frequency due to a gross mass 
change. 
Instrument 
Anton Paar Calculating Density Meter (DMA. 46) 
Method precision (°TW silicates only) 
Product o 95 /o Confidence Limit Range over which confidence Group limit assessed 
Sodium silicates ± 0.2 77.8-102.0 
Potassium silicates ± 0.1 66.4-119.8 
Method 
a. ) Instrumental Set - up 
1. Switch on at the mains. 
2. Switch on the instrument (power switch) 
3. Set required temperature. Note this instrument can be used + 10°C of ambient as 
follows: - 
3a. For 20°C: - the instrument has been calibrated at this temperature - ensure that the 'temperature' switch at the rear of the instrument is in the down position. 
3b. For temperatures other than 20T, the switch should be in the up position and the 
temperature changed using the helipot setting. (The instruction manual contains a 
graph of helipot setting versus temperature. ). The instrument must be at temperature 
for at least 10 minutes before any readings are taken. 
4. For any temperature a calibration must be carried out to obtain the constants A+B 
which are then fed into the instrument. These figures are entered by lifting the flap on the top of the instrument and adjusting with a screw driver. 
b. ) Samnle Testing Procedure 
1. Inject the sample into the U tube using the lower hole, until the U tube is full and 
there are no bubbles (switch on the light to facilitate this examination). 
2. Wait until the instrument records 6 consecutive counts that are the same. Record 
this reading as the specific gravity of the sample. 
3. Rinse out at least 5 times, with deionised water, flushing alternately through top and 
bottom holes. 
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4. Fill with deionised water and note the specific gravity (see step 2). This should be 
1.0000 ± 0.0001 (if the figure is not obtained - REPEAT THE WASHING PROCEDURE). 
5. Switch on the pump and insert the nozzle into the top hole. Allow the air to blow 
through until a minimum reading is reached. 
6. Remove the nozzle, switch off the pump and observe the reading - this should be 0.0012 ±I (if the reading is higher than 0.0013 it indicates that the tube is not clean 
and dry - RECLEAN). 
7. The instrument is now ready for the next sample. 
Calibration of The Densitometer 
1. Adjust to the appropriate temperature. 
2. Wait for 10 minutes. 
3. Remove the flap from the top of the instrument. 
4. Using a screw driver turn the screw at the right hand side (display selector) to 'T'. 
5. Note the reading on the display (this is TAIR)" 
6. Fill the tube with water and wait for a constant reading i. e. at least 6 consecutive 
readings without change. Note this reading (this is TH2o) 
7. Calculation for A 
A= (T2 H20 -TAIR)/(1.0000 - 0.0012) 
Specific gravity of water at 20°C = 1.000 
Specific gravity of air at 20°C = 0.0012 
8. Calculation for B 
B=T2 AIR - (A x 0.0012) 
9. Set the constants and then successively set the display selector to: 
a) B- and confirm the value for B is correct. 
b) A- and confirm the value for A is correct. 
c) rho - and confirm the S. G. 's for water and for air are 1.0000 and 0.0012 
respectively. 
Notes 
By correct calculation of constants A and B the instrument will give either Specific 
Gravity or Density. 
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The figures 1.000 and 0.0012 apply only if the specific gravity is being calculated at 
either 20 or 25°C. At other temperatures, or for density measurements other values will 
have to be used. 
The instrument is suitable for silicate liquors up to approximately 120°Tw. At this °Tw 
and above, viscosity and air entrainment problems are encountered which may render 
the instrument unfit for this type of work. 
Notes on Use 
1. Always use plastic tipped syringes. 
2. Do not use too much pressure while injecting the sample. 
3. Viscous samples may be removed more readily if the system is flushed with 
warm water. 
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A2.10 Method for the Determination of Titratable Alkali for Silicate Liquors 
Principle 
The alkali content of the liquor is determined by titrating with standard acid and 
expressing the result as % Na20/ % K20 or % NaOH/%KOH as required. 
Reagents 
i) IN Sulphuric acid solution accurately standardised. 
ii) Screened Methyl Orange indicator. 
Method precision 
Product Range over which confidence 
Group 95% Confidence Limit limit assessed 
Sodium Silicate ±0.03 8.74-14.14 
Procedure 
i) Cool the sample and remove any skin from the surface. 
ii) Quickly weight onto a tared watch glass, sufficient liquor to give a titration of 15 - 20 
ml IN sulphuric acid. 
iii) Transfer to a beaker containing approx. 100ml distilled water and ensure that the 
liquor is completely dissolved before titrating. (Very viscous liquors may require heating 
to dissolve). 
iv) Titrate the tared solution with standard 1N sulphuric acid using screened methyl 
orange indicator. 
Calculations 
Alkalinit y (as Na20 0.031 x titre (ml )x 100 1 sample weight 
Alkalinity (as NaOH) (0.040 x titre ml X 100 1 sample weight 
Alkalinity (as K20)( 0.047 x titre (m]) x 100) sample weight 
Alkalinity (as KOH) (0.056 x titre m x 100 sam le weight 
Alkalinity (as U20)( 0.01 5x titre m x 100 sam le weight 
Alkalinity (as LiOH 0.024 x titre mi x 100 sam le weight 
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A3.0 Instrumental techniques 
A3.1 Ion Chromatography (IC) 
The analytical techniques and reaction mechanisms involved in chromatography have 
been investigated for many years by a vast number of researchers. There are a large 
number of texts on the subject matter, which can provide the casual reader with further 
information. With respect to Ion Chromatography, further information can be acquired 
from Small, 1989; Weiss, 1995; Fritz and Gjerde, 2000 where the majority of the 
following text on Ion Chromatography has been gathered. 
A3.1.1 Ion Chromatography theory 
In this research project, the use of IC is concerned with the detection of anions in 
solution, but the technique is also applicable to cations and the theory of IC is similar 
for both. In ion chromatography, the medium under investigation is injected into a 
column as a liquid where interactions with a stationary phase in the column leads to the 
separation of different species. This involves ion exchange which is in equilibrium, and 
the degree to which the solvent ion interacts with the matrix and releases the matrix ion 
is largely determined by the relative concentrations of the two ions and their relative 
affinities for the matrix. Relative affinities, in turn, are determined by valency (i. e., Ca 24 
typically binds more tightly than H+) and, in the case of similar valency, atomic mass 
(i. e., Li+ typically binds more tightly than H+). Figure Al shows a typical anion standard 
solution with the smaller mass fluorine eluted first with a tall sharp peak and the larger 
sulphate eluting last with a shallow wide peak. This peak shows the largest interaction 
with the stationary phase. 
A3.1.2 Columns and Detection 
The column packings for ion chromatography consist of ion exchange resins bonded to 
inert polymeric particles (typically 10 pm diameter). For cation separation the cation- 
exchange resin is usually a sulfonic or carboxylic acid, and for anion separation the 
anion-exchange resin is usually a quaternary ammonium group. Ions in solution can be 
detected by measuring the conductivity of the solution. In ion chromatography, the 
mobile phase contains ions that create a background conductivity, making it difficult to 
measure the conductivity due only to the analyte ions as they exit the column. This 
problem can be greatly reduced by selectively removing the mobile phase ions after the 
analytical column and before the detector. This is done by converting the mobile phase 
ions to a neutral form or removing them with an eluent suppressor, which consists of an 
ion-exchange column or membrane. For cation analysis, the mobile phase is often HCI 
or HNO3, which can be neutralized by an eluent suppressor that supplies OH-. The Cl- 
or NO3 is either retained or removed by the suppressor column or membrane. The 
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same principle holds for anion analysis. The mobile phase is often NaOH or NaHCO3, 
and the eluent suppressor supplies H' to neutralize the anion and retain or remove the 
Na'. As individual species pass through the detector, they are measured by recording 
peak areas and integrated in concentration values with reference to the standards with 
computer software. The basic components of an IC system are presented in Figure Al 
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Figure Al Calibration standard for mixed anion solution 
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A3.1.3 Dionex 100 
The IC instrument used in the laboratory is a Dionex 100 Ion Chromatograph equipped 
with an lonpac AS4A-SC column for the anions: fluoride, chloride, nitrite, bromide, 
nitrate, phosphate, and sulphate. The key features of this IC system are; 
" ASRS-I Suppressor Column for better background levels (H' supply). 
" Linked with a computer for data processing. 
" Primarily used to determine anions in solution. 
" Sodium Bicarbonate used as mobile phase for anion detection 
" Some cations can also be determined (column change required) 
" Levels down to 0.2 ppm in solution. 
" Different columns may be required for specific ions. 
The samples are presented in the aqueous form, which may require filtration, dilution, 
and/or cleaning to remove interferences. Samples containing strong acids can have a 
detrimental effect on the column and dilution is strongly recommended for these 
sample types. As well as standard solutions, internal standards are used to check the 
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calibration and validity of the results along with selected duplication of samples under 
investigation. Additional information on the application of Ion Chromatography for the 
detection of anions can be found in Dionex, Application Note 133 and Hautman, D. P., 
and Munch, D. J. USEPA Method 300.1,1997. 
Delivery 
Mode -ý 
Separation 
Mode 
Detection 
Mode -º 
Figure A2 
Chemical 
Suppressor 
Sensitivity 
Enhancement 
Ion Chromatography (Basic Components) 
A3.2 Inductively Coupled Plasma Atomic Emission Spectroscopy 
The ICP used is a Varian Liberty II sequential instrument (Figure A3). ICP-AES has 
been an established technique for a number of years. Additional information 
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concerning its use in the field of metals analysis can be found in Montaser and 
Golightly, 1992; Thompson and Walsh, 1989; Boumans, 1987; Jarvis et al, 1991. 
The advantages and disadvantages of using ICP-AES are detailed in Table Al. 
i 
Figure A3 Varian Liberty II 
4.3.1 History 
The development of ICP-AES begins with the development of atomic emission 
spectroscopy (AES). The first observed spectra of emission were taken of the sun as 
early as 1802 by Wollaston. Progress continued throughout the 1800's and well into 
the twentieth century with a number of developments. Despite all of the improvements, 
AES began to fade out of use in the 1960's. This was due to the development of 
atomic absorption spectroscopy (AAS). At the time, AAS offered better detection limits 
and sensitivity. However, AES was about to experience resurgence when the ICP 
source was developed in 1965. During the 1970's, interest in ICP-AES steadily 
increased. From the year 1975 to 1987, the number of ICP-AES instruments rose to 
6,000 worldwide. Today, ICP-AES is a well-established analytical technique with a 
myriad of applications. 
A3.2.1 ICP Theory 
ICP-AES, or simply ICP for short, is a multi-element analysis technique that will 
dissociate a sample into its constituent atoms and ions and cause them to emit light at 
a characteristic wavelength by exciting them to a higher energy level. This is 
accomplished by the use of an inductively coupled plasma source, usually argon. A 
monochromator can separate specific wavelengths of interest, and a detector is used 
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to measure the intensity of the emitted light. This information can be used to calculate 
the concentration of that particular element in the sample. The plasma is used as a 
sample cell that will excite atoms. When these excited atoms return to the ground 
state, they will emit energy of a characteristic wavelength. These are directed to a 
detector by a monochromator. 
Initially, argon gas will pass through the quartz tube and exit from the tip. The tip of the 
quartz tube is surrounded by induction coils that create a magnetic field. The ac 
current that flows through the coils is at a frequency of about 30 MHz and a power 
level around 2 kW. The stream of argon gas that passes the coil has been previously 
seeded with free electrons from a Tesla discharge coil. The magnetic field excites 
these electrons, and they then have sufficient energy to ionise the argon atoms by 
colliding with them. The cations and anions present from the initial Tesla spark 
accelerate due to the magnetic field in a circular pattern that is perpendicular to the 
stream exiting from the top of the quartz tube. By reversing the direction of the current 
in the induction coils, the magnetic field is also reversed. This changes the direction of 
the excited cations and anions, which causes more collisions with argon atoms. This 
results in further energy. As a result, a flame shaped plasma forms on top of the torch. 
A second stream of gas is usually needed to cool down the inside of the quartz tube. 
This is provided by a stream of argon that provides a vortex flow. The flow also 
provides a way of centering and stabilizing the plasma. The third stream is introduced 
tangentially and is used as a coolant for the ICP torch (Figure A4). Typical argon flows 
rates are 1 1/min in the sample carrier gas, 0-1 I/min for the support gas and 15 I/min 
for the coolant stream. 
When the sample flows into the plasma (in an aerosol form), the atoms present are 
excited by the extreme temperatures. These excited atoms will emit energy at a 
characteristic wavelength. Due to the sample being introduced as an aerosol through 
the innermost concentric tube of the plasma source at a frequency of about 27 MHz, 
the skin effect occurs. This effect causes the plasma to have a toroidal shape (Figure 
A5). This shape increases the time that the sample is in the high-temperature zone of 
the plasma for about 2 msec. The extended resident time increase the detection limits 
for several elements. In an ICP analysis, the plasma will reach a temperature in the 
range of 6,000 - 10,0000 C, which will efficiently atomise most elements. The resulting 
detection limits are very low, and they usually range from 1-10 ppb. A well defined tail 
is present on the tip of the torch, which contains all the analyte atoms that have been 
excited by the intense heat of the plasma. The optimum region for analysis is just 
above the apex of the primary plasma cone and under the base of the flame-like glow. 
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By using this region for analysis, the high background from the current-carrying part of 
the plasma is effectively excluded (Figure A5). There is no electrode contact in the 
plasma source, which results in spatially separated excitation and emission zones. As 
a result, there is a relatively simple background spectrum that consists of argon lines 
and some weak band emission form OH, NO, NH and CN molecules. 
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Figure A5 ICP Observation Region 
A3.2.2 Sample Introduction 
The sample is introduced as an aerosol by use of a nebulizer or atomizer. Pneumatic 
nebulation is the most often used method. The problem of blockage is usually 
overcome by using either cross-flow nebulizers or Babington-type nebulizers. Other 
methods used include high solid nebulizers and electrothermal vaporizers. The liberty 
II employs a cross-flow type nebulizer (Figure A6) 
A3.2.3 Torch Orientation 
There are two basic types of ICP instruments. These are the radial and the axial 
configurations. In the radial configuration, the plasma is viewed across the narrow 
emitting central channel of the plasma, which is accomplished by viewing the plasma 
source from the side. The axial configuration is when the plasma is viewed horizontally 
along its length. This newer configuration increases the path length and has been 
shown to reduce background noise. The reduction of background noise can 
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significantly increase the detection limit of the instrument. In the liberty 11, the torch is 
mounted in the radial configuration (Figure A7). 
Naturally aspirated 
-UQ 
liquid sample 
Figure A6 Nebulizer Assembly 
Figure A7 Radial Mounted Torch 
A3.2.4 Monochromator 
The sequential system employs a double monochromator to minimise interferences 
form stray radiation. Computer controlled stepper motors provide fast movement of the 
grating to the desired wavelength. The plasma plume observation height is optimised 
automatically for each element by moving mirror M1 and lens L1 in tandem (Figure 
A8). Two additional features add accuracy and precision: (1) a built -in mercury lamp 
and (2) a refractor plate. The 254 nm line of the mercury lamp is used to automatically 
calibrate the grating scan mechanism daily and to provide a reference wavelength at 
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the beginning of each scan. The plate is used to fine tune the analytical wavelength 
during peak search and measurement as well as during background measurements. 
A3.2.5 Detection 
Detectors used in emission instrument systems fall into two categories, photographic 
emulsions and photoelectric transducers with the latter being the most used at present. 
Photoelectric transducers are usually photomultiplier tubes and solid state 
photodiodes. The devices exhibit liner response to radiant energy over a dynamic 
analyte concentration range of five to several orders of magnitude. An improvement as 
seen the arrival of mutlichannel PM arrangements and photodiode arrays. 
Mý 
Figure A8 Basic Monochromator set up 
A3.2.6 Standard Operating Procedure for ICP-AES 
The main ICP instrument is left on at all times to ensure all moving components, 
especially the monochromater system are in a warm state and ready for use. It is also 
important to make sure that all extraction systems are in operation and functioning 
according to standard fume extraction safety limits before the plasma torch is in use. 
The main operating procedures for ICP use are; 
1. Turn on RF system. 
2. Switch on computer and recall method from ICP software. 
3. Check that all pump tubes are connected to the nebulizer and the auto sampler. 
4. Check sample waste container on level and dispose of waste if required. 
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Table Al Advantages and Disadvantages of ICP AES 
ADVANTAGES DISADVANTAGES 
Can simultaneously analyse up to 60 
elements at one time. 
Low matrix interference. 
Detection limits in the 1-10 ppb range. 
Large dynamic concentration range up to 
105 for many elements. 
Can easily be used for water analysis. 
Expensive instrument. 
Expensive maintenance. 
High spectral interferences. 
Poorer detection limits for certain 
elements when compared to AAS, 
especially for non-metals that are hard to 
excite. 
Can't match the detection limits for most 
elements of furnace or fluorescence 
AAS. 
Can be used with a mass spectrometer 
to provide a powerful analytical 
technique. 
Can easily be used for trace analysis in 
geological, environmental, and biological 
materials. 
5. Initiate plasma torch ignition sequence and check that the torch forms a plasma 
after ignition. 
6. Make sure after ignition, a steady flow of de-ionised water is being pumped into 
the nebulizer. 
7. Perform wavelength calibration (see section 4.3.5) and check results. 
8. Develop sample table with appropriate calibration standards and sample 
numbers with a recalibration after every 20th sample. A wavelength calibration 
is automatically carried out before the next standard calibration. 
9. Make sure and AQC sample is tested approx. every 10th sample. 
10. Start analysis and check calibration standards (the ICP software automatically 
stops the analysis if the calibration curve is outside set limits). 
11. Check initial AQC sample for correct value. 
12. Allow analysis to continue until all samples have been analysed. 
13. After analysis has been completed, allow deionised water to pump through the 
sample tube. Nebulizer and torch. 
14. Initiate shut ICP shutdown sequence 
15. Release tension on sample delivery tubing to reduce deterioration when not in 
use. 
16. Turn off RF generator 
17. Switch off extraction system. 
18. Report results and check for any samples that are over the range of the top 
standard. 
19. Reschedule samples that are over range 
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20. Check complete AQC set at the end of the analysis if AQC breaches occur, 
schedule for reanalysis (see quality control section). 
A3.2.7 Trouble Shooting 
Regular checks are made on a daily basis when using the ICP. Information on the 
wavelength intensities from individual elements are recorded to ascertain any 
instrumental drift. A reduction in energy intensities can suggest wavelength drift or 
most likely solid build up in the nebulizer. Solid build up reduces the amount of sample 
being sprayed into the torch leading to lower energies for all elements in question. 
This can occur when analysing high solid content aqueous solutions and can be 
rectified by removal of the nebulizer for cleaning. 
A3.3 Mercury Intrusion Porosimetry (MIP) 
For those more interested in the subject matter than is addressed in the following 
discussion, two main references [Webb and Orr, 1997; Allen, 1997] provide an 
extensive background form which most of the information concerning MIP has been 
extracted. 
A3.3.1 MIP Theory 
Mercury will not wet most substances and will not penetrate pores by capillary action 
alone [Garboczi and Bentz, 1991]. Entry into pore spaces requires applying pressure 
in inverse proportion to opening size. Liquid mercury has a high surface tension, i. e., 
molecular forces in its surface film tend to contract its volume into a form with least 
surface area: usually its value is taken to be 485 dyne/cm. Mercury also exhibits a high 
contact angle against most solids. Reported advancing contact angles between fresh 
mercury and clean surfaces range from 112° to 142°, with 130° being the most widely 
accepted value for use without specific information. Receding angles are typically 
about 300 less than advancing ones (Webb and Orr, 1997). When mercury is in 
contact with a pore opening of circular cross-section, the surface tension of the 
mercury acts along the circle of contact for a length equal to the perimeter of the circle. 
Thus the force with which mercury resists entering the pore is equal to -itDy cos 0, 
where D is the pore diameter, y the surface tension, and 0 the contact angle. The 
negative sign enters because, for 0> 90% the term is intrinsically negative. The force 
due to an externally applied pressure acts over the area of the circle of contact and is 
expressed mathematically by n D2 P/4, where P is the applied pressure. At equilibrium 
the opposing forces are equal; thus 
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-MDycosB= 
or, simplified 
nD2 
4 
- 4y cos B D= 
P 
'Washburn Equation' 
The Washburn equation shows that pores of approximately 360 . tm in diameter and 
greater will be entered under an applied pressure of 0.0034 MPa (0.5 psia) if the 
surface tension of mercury is taken as 485 dyne/cm at 200C and the contact angle is 
130°. Higher pressures cause penetration of smaller pores until at 414 MPa (60,000 
psia) pores of 0.003 µm (30A or 3 nm) diameters are filled. This assumes that pores 
are cylinders of different diameters which is unfortunately an over simplification. 
Regardless of the pore geometry and the model employed to describe it, the volume of 
mercury forced into pores (and into void spaces) increases as the pressure increases. 
Thus increasing the applied pressure on the mercury surrounding a porous material 
results in a unique pressure-volume curve. The extrusion of mercury from the pores 
occurs upon pressure reduction with the profile being slightly different to the intrusion 
profile. This difference is primarily due to entrapment of mercury within bottle-necked 
pores. Another factor in the receding curve not retracing the advancing one is 
differences in receding and advancing contact angles. Cumulative pore volume vs. 
pore diameter is obtainable from the application of the Washburn equation. Likewise 
incremental pore volumes can also be obtained. Incremental volumes should be 
related to some mean pore diameter. Usually a simple average of the diameter at 
initiation of each pressure increase and the diameter at the final, or equilibrium, 
pressure. 
A3.3.2 Instrument Components 
The pressure must be communicated directly to the mercury surrounding the object, or 
objects, to be analysed but, prior to its immersion, the object must be exposed to a 
vacuum to remove air and vapours in its pores. The air, were it not removed, would 
compress to a much smaller volume, and in doing so would produce a force opposing 
the intrusion of mercury. This would cause skewing of pore sizes in the larger diameter 
range toward smaller values. 
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The main body is glass except for a thin layer of metal cladding around the outside of a 
portion of its capillary stem (Figure A9). The seal is of metal but the nut and cap, which 
slides freely over the stem and sample bowl, are of an electrically non-conducting 
polymer. The sample is placed in the bowl, the seal is positioned over its opening, and 
by screwing together the cap and nut the sample is secured in place. A variety of 
penetrometers with different size bowls and capillaries are available to accommodate 
most sample sizes and configurations. The sample is evacuated through the capillary 
stem and then mercury is allowed to fill the accessible space within. When electrical 
contact is made with the seal and the cladding, the mercury within the capillary and the 
cladding outside create a coaxial capacitor which provides a sensitive measure of the 
quantity of mercury within just as the liquid level in an ordinary thermometer indicates 
temperature. The system permits mercury volume resolution to less than 0.1 l, 11. The 
sample evacuation and mercury-filling processes are carried out in a low-pressure 
vessel. The penetrometer is mounted horizontally to minimize the effects of head 
pressure which would limit the low-pressure (large pore diameter) range. The vacuum 
valve opens for an interval of time and the sample and interior of the penetrometer are 
freed of atmospheric gases and vapours. It then closes and the mercury valve opens 
filling the penetrometer. The excess mercury outside the stem is drained next by 
admitting gas through the third valve. The surface tension of mercury holds it within 
the penetrometer. The minimum practical pressure to which gas can be admitted is 3.4 
kPa (0.5 psia) which causes the mercury to penetrate sample pores larger than 360 µm 
diameter. Gas pressure can be increased to atmospheric and beyond to as high as 
three atmospheres. Pressure increases are accomplished stepwise with equilibration 
between steps, allowing smaller pores to be evaluated down to about 4µm in diameter. 
In Micromeritics fully automated mercury porosimeter, all the above steps are carried 
out under computer control subject to the instructions entered by the operator. 
When the penetrometer is removed from the low-pressure vessel and oriented 
vertically with the stem upward, pressure exerted on the sample is that of the 
atmosphere plus that created by the head of mercury in the capillary above the sample. 
Subsequently, a correction is made for head pressure, and the penetration data from 
the low-pressure process are merged, again by computer, with that derived from high- 
pressure intrusion. 
High pressures now to he attained require more massive equipment than needed to 
reach pressures of about three atmospheres. The dual high-pressure instrument is 
depicted. The 207 MPa (30,000 psia) instrument essentially is identical except that 
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pressure is generated by a motor driven ram instead of a pump and intensifier. As 
indicated, penetrometers are installed vertically and surrounded by hydraulic fluid. An 
increase in the pressure of this fluid is transmitted to the mercury in the penetrometer 
through its open capillary stem. As mercury penetrates the pores of the sample, its 
level in the capillary falls and the quantity - really the volume of the pores - is registered 
capacitively. Reversing the hydraulic pump, or the ram, lowers the pressure permitting 
generation of extrusion data 
A3.4 Particle Size Distribution 
General information on particle size analysis can be found in Washington, 1992 and at 
Malvern Instruments Website (www. malverninstruments. co. uk) from where the 
following information on particle size analysis has been obtained. 
A3.4.1 Particle Size Technologies 
The use of different sized sieves is an old fashioned, but cheap and readily usable 
technique for large particles, such as those found in mining and some food processing 
applications. Using this technique it is not possible to measure sprays or emulsions 
and dry powders and particles below 38µm are difficult to determine. Cohesive and 
agglomerated materials, such as clays, are also difficult to measure. Sedimentation is a 
traditional method in the paint and ceramics industries. Unfortunately as the density of 
the material is needed, it is no good for emulsions where the material does not settle, 
or for very dense material that settles too quickly. Other disadvantages include 
slowness of measurement, which makes repeat measurements tedious. The technique 
also has a limited range, with particular difficulties below 2µm and above 50µm. 
Microscopy allows direct examination of the particles in question, and is one that is 
relatively cheap. However, it is not suitable as a quality or production control technique 
beyond the level of simple judgement. Also, as relatively few a particles are examined, 
there is a real danger of unrepresentative sampling and if weight distribution is 
measured results are magnified. Electrozone sensing was originally developed for 
sizing blood cells. For industrial materials it has many drawbacks. Measurement must 
take place in an electrolyte, which creates difficulties for organic materials, and the 
method requires calibration standards that are expensive and change size in distilled 
water and electrolyte. It is slow for materials of relatively wide particle size and it is not 
easy to measure particles below 2µm. Porous particles and dense materials pose 
additional problems. Most recently, the use of laser diffraction has become an 
established technique within the field of particle size analysis, the Malvern Mastersizer 
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2000 being the principle instrument used within the laboratory employing this 
technique. 
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A3.4.2 Laser Diffraction 
Laser diffraction, more correctly known as Low Angle Laser Light Scattering (LALLS), 
is now the method of choice for particle size analysis in many industries. It has 
advantages over other technologies: 
" Wide dynamic range - 0.02pm to 2000pm on one system, on one lens 
" High resolution and sensitivity 
" Applicable to dry powders, sprays, liquid suspensions and emulsions 
" Rapid and reproducible with high resolution 
" Non-destructive 
" Based on fundamental principles and requires no calibration 
A3.4.3 Principle 
When a particle passes through a laser beam it causes light to be scattered at an angle 
that is inversely proportional to its size. A detector collects the scattered light and 
analysis of the ensuing diffraction pattern enables calculation of the size distribution of 
particles in a given sample. Within certain limits, the scattering pattern of a group of 
particles is identical to the sum of individual scattering patterns of all the particles 
present. 
A3.4.4 Practical Application 
The mastersizer comprises of a Helium-Neon (HeNe) laser beam that has been 
spatially filtered. A small lens placed in the laser beam diffracts unwanted satellites 
and noise from the beam and a pinhole placed at the point of focus of this lens blocks 
the diffracted noise and only allows a "clean" beam to pass through and collimated to 
produce a clean parallel beam of light. The beam is focused using a Fourier or reverse 
Fourier lens, to a point at the centre of a detector. The detector consists of a large 
number of photosensitive segments radiating outwards from the centre, increasing in 
size as they do so. The laser beam passes through a pinhole at the centre of the 
detector array. If no particles pass through the beam, all the light falls on to a detector 
known as an obscuration detector. However, as soon as a particle enters the beam, it 
scatters light. The Fourier lens collects the light scattered from an ensemble of 
particles and overlays the common angle of scattering on the detector array (Figure 
A10). The overlaid data is known as a light energy distribution and there is a direct 
relationship between this and the particle size distribution that gave rise to it. 
A3.4.5 Data Analysis 
Interpretation of the accumulated data to produce particle size distributions requires the 
application of mathematical models describing light scattering by homogeneous 
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particles, and the deconvolution (inference of particle size) of scattering patterns. With 
the advent of powerful desktop computers, it is now possible to apply the rigorous Me' 
theory for the determination of particle size distributions in laser diffraction systems. 
This is now the accepted method and takes into account the optical properties of the 
system being measured. Previous optical models, such as the Fraunhofer 
approximation, made assumptions that were not always valid and, under certain 
circumstances, results were prone to significant errors. The results produced show 
volume of particles in percentage below a specified particle size in µm. Although a 
large range is produced, the principle values used are D10 (10 % of particles below 
specified diameter), D50 and D90. All results can be used to create a size distribution 
profile 
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Figure Ai0 Basic Components for Laser Diffraction Analysis 
A3.5 Scanning Electron Microscopy (SEM) 
Charles Oatley stands with Manfred von Ardenne as one of the two great pioneers of 
scanning electron microscopy. His involvement with the SEM began immediately after 
World War II when, fresh from his wartime experience in the development of radar, he 
perceived that new techniques could be brought to bear which would overcome some 
of the fundamental problems encountered by von Ardenne in his pre-war research on 
the instrument. Oatley's pioneering work led directly to the launch of the world's first 
series production instrument - the Stereoscan - in 1965. Recent papers [von Ardenne, 
1985; Oatley, 1985] explain the early history and principles behind SEM techniques. 
General information on SEM can be found in Goldstein et al, 1992; Flegler et al, 1997 
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and JEOL Ltd SEM Guides from which the following description of SEM 
instrumentation and theory is taken. 
A3.5.1 SEM Theory 
In light microscopy, a specimen is viewed through a series of lenses that magnify the 
visible-light image (Figure Al 1). However, the scanning electron microscope (SEM) 
does not actually view a true image of the specimen, but rather produces an electronic 
map of the specimen that is displayed on a cathode ray tube (CRT). Electrons from a 
filament in an electron gun are beamed at the specimen in a vacuum chamber. The 
beam forms a line that continuously sweeps across the specimen at high speed. This 
beam irradiates the specimen which in turn produces a signal in the form of either x-ray 
fluorescence, secondary or backscattered electrons. 
Figure All JEOL SEM Instrument 
By changing the width (w) of the electron beam, the magnification (M) can be changed 
where 
dýf=ý 
w 
and W is the width of the CRT. Since W is constant, the magnification can be increased 
by decreasing w. 
The basic internal components are represented in Figure A12. The 'Electron Source' 
at the top produces a stream of monochromatic electrons. The stream is condensed 
by the first condenser lens. This lens is used to both form the beam and limit the 
amount of current in the beam. It works in conjunction with the condenser aperture to 
eliminate the high-angle electrons from the beam. The beam is then constricted by the 
condenser aperture (usually not user selectable) eliminating some high-angle 
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electrons. The second condenser lens forms the electrons into a thin, tight, coherent 
beam. A user selectable objective aperture further eliminates high-angle electrons 
from the beam A set of coils then "scan" or "sweep" the beam in a grid fashion (like a 
television), dwelling on points for a period of time determined by the scan speed 
(usually in the microsecond range). The final lens, the Objective, focuses the scanning 
beam onto the part of the specimen desired. When the beam strikes the sample (and 
dwells for a few microseconds) interactions occur inside the sample and are detected 
with various instruments. Before the beam moves to its next dwell point these 
instruments count the number of interactions and display a pixel on a CRT whose 
intensity is determined by this number (the more reactions the brighter the pixel). This 
process is repeated until the grid scan is finished and then repeated, the entire pattern 
can be scanned 30 times per second. The volume inside the specimen in which 
interactions occur while being struck with an electron beam depends on the following 
factors: 
" Atomic number of the material being examined; higher atomic number materials 
absorb or stop more electrons and so have a smaller interaction volume. 
" Accelerating voltage being used; higher voltages penetrate farther into the 
sample and generate larger interaction volumes 
" Angle of incidence for the electron beam; the greater the angle (further from 
normal) the smaller the volume 
A3.5.2 Sample preparation 
The specimens examined by SEM must be able to withstand the strong electric 
currents produced by the electron beam. Samples that do not conduct electricity can 
be damaged by the charges that can build up. Non-conductive specimens must first be 
coated with a thin layer of conductive material. This coating is accomplished using a 
sputterer. A sputter coater produces a nanometer thickness of conductive material on 
the surface through a cold plasma process that retains the contours of the specimen. It 
is necessary to select a coating suitable for the observation magnification. If the 
coating is too thick, its particles become visible and the structures of interest may 
become obscured. For coating, the vacuum evaporation method and the sputtering are 
generally used. Gold, gold-palladium and platinum are used for special analysis 
whereas for general analysis, carbon is used. A vacuum environment is necessary in 
the sample preparation. If the chamber isn't at vacuum before the sample is coated, 
gas molecules would get in the way of the coating material. This could lead to uneven 
coating, or no coating at all. 
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Figure A12 Basic Internal SEM Components - Electron Source to Sample 
A3.5.3 Electron Source and Stability 
The electron beam comes from a filament, made of various types of materials. The 
most common is the Tungsten hairpin gun. This filament is a loop of tungsten which 
functions as the cathode. A voltage is applied to the loop, causing it to heat up. The 
anode, which is positive with respect to the filament, forms powerful attractive forces for 
electrons. This causes electrons to accelerate toward the anode. Some accelerate 
right by the anode and on down the column, to the sample. Other examples of 
filaments are Lanthanum Hexaboride filaments and field emission guns. 
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When a SEM is used, the column must always be at a vacuum. If the sample is in a 
gas filled environment, an electron beam cannot be generated or maintained because 
of a high instability in the beam. Gases could react with the electron source, causing it 
to burn out, or cause electrons in the beam to ionise, which produces random 
discharges and leads to instability in the beam. The transmission of the beam through 
the electron optic column would also be hindered by the presence of other molecules. 
Those other molecules, which could come from the sample or the microscope itself, 
could form compounds and condense on the sample. This would lower the contrast 
and obscure detail in the image. 
A3.5.4 Signal Generation - Electron Production 
When an electron beam strikes a sample a large number of signals are generated. One 
possible signal could be from electrons (Figure A13). The incident electrons that are 
sent into the sample are scattered in different ways. There are two broad categories to 
describe electron scattering, namely, elastic and inelastic. As the name implies, elastic 
scattering results in little or no change in energy of the scattered electron, although 
there is a change in momentum. Since momentum, doesn't change, the direction of 
the velocity vector must change. The angle of scattering can range from 0-180 
degrees, with a typical value being about 5 degrees. Elastic scattering occurs between 
the negative electron and the positive nucleus. This is essentially Rutherford 
scattering. Sometimes the angle is such that the electron comes back out of the 
sample. These are backscattered electrons. During inelastic scattering, energy is 
transferred to the electrons surrounding the atoms and the kinetic energy of the 
energetic electron involved decreases. A single inelastic event can transfer a various 
amount of energy from the beam electron ranging from a fraction to many kiloelectron 
volts. The main processes include photon excitation, plasma excitation, secondary 
electron excitation, continuum X-ray generation, and ionisation of inner shells. In all 
processes of inelastic scattering, energy is lost, though different processes lose energy 
at varying rates. 
Secondary electrons are low energy electrons ejected from the sample as a result of 
inelastic collisions with beam electrons. They are produced near the surface of the 
sample, from a small area around the beam tip. The resolution of the image is 
therefore very good because the beam is only a few nanometres in diameter. The 
benefits of SEM over conventional microscopy include very high resolution and greater 
depth of field. Backscattered electrons are primary electrons emitted as a result of 
elastic collisions with specimen electrons. BSE emission intensity is a function of the 
specimen's atomic number; i. e., the higher the atomic number (e. g., Fe(26) vs. 
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Mg(12)), the brighter the signal. BSE images are obtained in exactly the same way as 
Secondary Electron Images. To collect electrons, the backscatter detector moves 
under the lens so the electron beam can travel through the hole in its centre (Figure 
A14). 
Incident Beam 
X-Rays Primary Backscattered Electrons 
Through thickness Atomic number and topographic 
composition information 
Cathodoluminescence 
Electrical information 
Auger Electrons 
Surface sensitive 
Compositional information 
i 
4ý Sample 
Secondary Electrons 
Topoqraphical information 
i 1 i 
iý 
Specimen Current 
Electrical Information 
Figure A13 Possible Electron Signals from Sample Surface 
The backscattered electron image contains two types of information; one on specimen 
composition and the other on specimen topography. To separate these two types of 
information, a paired semiconductor detector is provided symmetrically with respect to 
the optical axis. Addition of them gives a composition image while subtraction gives a 
topography image. The generation region of backscattered electrons is larger than that 
of secondary electrons, namely, several tens of nm. Therefore, backscattered 
electrons give poorer spatial resolution than secondary electrons. But because they 
have a larger energy than secondary electrons, they are less influenced by charge-up 
and specimen contamination. 
A3.5.5 Data Interpretation 
The information gathered from the SEM can presented in a number of different forms. 
The basic representation is a BSE greyscale image showing different compositional 
information of the field of view. X-ray probe analysis can deliver an elemental scan of a 
point in the filed of view. An X-ray linescan provides elemental information from a 
cross section of the field of view. 
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Incident electrons 
Figure A14 Backscattered Electron Detector 
An elemental map delivers elemental information on the whole filed of view or the BSE 
image produced. Back-scattered images are usually photographed by one scan of 50 
to 100 seconds. However, since the signals for an X-ray image per unit time are small, 
they are often photographed by long-time. If the exposure time is not long enough, X- 
ray images may lack some information on element distribution. It is therefore 
necessary to carefully decide on the exposure time. Generally, calculating the X-ray 
count as approx. 2,500 counts/cm2 gives a good result. When photographing the 
distribution of the specific elements in a certain phase, it is well to fix the electron probe 
at that portion, investigate the X-ray count rate (CPS) and the ratio of the phase to the 
whole image. Exposure time can be calculated by the following; 
= 
PictureElements(cm' ý F. Ynn. Clil'vTimp(cl ý5(lýý('/ýmZ ý 
\\ Ix ---r"---.. .,. ...... ý,., I ....,.,., \:.. , ...,. -I.. 
X- rayCountRate(CPS) 
Exposure time = Time required for photographing 
Picture elements = The area (cm2) of interest 
X-ray count rate = X-ray count rate (CPS) during electron beam irradiation. 
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Table A2 Principle Causes and Effects producing poor SEM information 
Effect Cause 
Lack of " Improper accelerating voltage setting. 
sharpness Instability of gun emission - insufficient heating of filament. 
" Improper electron probe diameter. 
" Improper setting and incorrect centering of objective 
aperture. 
" Insufficient astigmatism correction 
" Improper focal depth 
" Too large magnification 
" Specimen charge-up and magnetization 
" Defocus of camera system 
Low image improper accelerating voltage setting 
quality " Improper probe current setting 
" Incorrect astigmatism correction 
" Noise caused by excessive photomultiplier (PMT) gain 
" Improper contrast and brightness 
" Improper specimen preparation process 
" Improper photographic material 
" Improper positional relation between specimen and 
detector 
" No specimen tilting 
Noises Instability of accelerating voltage anci gun emission 
" Discharge of detector 
" Charge-up of specimen surface 
" Burnt CRT or dusty CRT screen 
" External stray magnetic field 
" Mechanical vibration 
Image Specimen charge-up 
distortion and " External stray magnetic field deformation " Electron beam damage 
" Deformation of specimen itself during its preparation 
" Image drift caused by column interior charge-up 
" Specimen drift on heating and cooling stages 
A3.6 X-ray Fluorescence Spectroscopy 
As high energy photons strike the sample, they tend to knock electrons out of their 
orbits around the nuclei of the atoms that make up the sample. When this occurs, an 
electron from an outer orbit, or "shell", of the atom will fall into the shell of the missing 
electron. Since outer shell electrons are more energetic than inner shell electrons, the 
relocated electron has an excess of energy that is expended as an x-ray fluorescence 
photon (Figure Al5). This fluorescence is unique to the composition of the sample. 
The detector collects this spectrum and converts them to electrical impulses that are 
proportional to the energies of the various x-rays in the sample's spectrum. Since each 
element has a different and identifiable x-ray signature, by look at specific parts of the 
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emitted spectrum, and by counting the pulses in that sector, the presence and 
concentration of the element(s) in question within the sample can be determined. 
Additional information on XRF techniques to the following text can be found in Jenkins, 
1999 and Willard et al, 1989. 
A3.6.1 Advantages of X-Ray Spectrometry 
" Simple spectra 
" Spectra are almost independent of the chemical state of the analyte 
" Minimal sample preparation 
" It is non-destructive 
" Applicable over a wide range of concentrations 
" Good precision and accuracy 
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Figure A15 Energy Lines 
A3.6.2 Disadvantages of X-Ray Spectrometry 
0 
9 
0 
X-ray penetration of the sample is limited to the top 0.01 - 0.1 mm layer 
Light elements (below 22Ti) have very limited sensitivity 
Inter-element effects may be substantial and require computer correction 
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" Limits of detection are only modest 
" Instrumentation is fairly expensive 
A3.6.3 Wavelength and Energy Dispersion 
X-ray fluorescence can be measured and quantified in two ways. Wavelength 
dispersive XRF uses a crystal to separate the various wavelengths: for every angle of 
incident radiation, the only wavelength reflected to the detector is the one that 
conforms to Bragg's formula: 
nA = 2dsin8 
where n is a whole number 1-n, A is the wavelength of the x-ray radiation used; d is a 
constant characteristic of every crystalline substance (i. e. the x-ray crystal); and B is the 
angle on incidence of the x-radiation on the sample. By changing the angle of the 
crystal, the specific elements of interest can be selected. In wavelength dispersive 
spectrometers, the several x-ray lines emitted from the sample are dispersed spatially 
by crystal diffraction on the basis of wavelength. The detector then receives only one 
wavelength at a time (Figure A16). 
The second and more common method is energy dispersive (EDXRF). EDXRF 
systems detect elements on the periodic table between atomic numbers 11 (Na) and 
92 (U). Samples can be analysed non-destructively with little or no sample preparation 
in minutes and in some cases seconds. Elements in concentrations from as low as a 
few parts per million to 100% may be analysed in the same sample simultaneously. 
Accuracy of less than one percent relative error is attainable with comparable 
reproducibility. Analysis by EDXRF, like WXRF involves use of ionising radiation to 
excite the sample, followed by detection and measurement of X-rays leaving the 
sample that are characteristic of the elements in the sample. However, unlike the 
crystal (wavelength) XRF, EDXRF spectrometer electronics digitise the signal 
produced by X-rays entering the lithium drifted detector, and send this information to 
the PC for display and analysis. All wavelengths enter the detector at once. The 
detector registers an electric current having a height proportional to the photon energy. 
These pulses are then separated electronically, using a pulse analyser. Additionally, 
the tube voltages on EDXRF are quite low and the entire instrument is plugged into a 
standard wall socket. WXRF requires filtered voltage at 220 V. 
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A3.6.4 Advantages of Energy Dispersion: 
" Simplicity of instrumentation - no moving parts 
" Simultaneous accumulation of the entire X-ray spectrum 
" Qualitative analysis can be performed in 30 s, or so 
"A range of alternative excitation sources can be used in place of high-power x- 
ray tubes with their large, heavy, expensive and power-consuming supplies 
" Alternative sources include, low power x-ray tubes, secondary monochromatic 
radiators, radioisotopes and ion beams. 
A3.6.5 Advantages of Wavelength Dispersion: 
" Resolution is better at wavelengths longer than 0.08 nm 
" Higher individual intensities can be measured because only a small portion of 
the spectrum is admitted to the detector 
" With multi-channel analysers sensitivity for weak lines in the presence of strong 
lines is limited because the strongest line determines the counting time 
" Lower detection limits are possible 
Figure A16 Diffraction of X-rays for WDXRF 
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A4.0 Data Tables 
Table A3 Strength, Bleed and Free water Sodium Silicate/Cement Mixes 
-21 Sample Unconfined Compressive Strength (N/mm) Bleed Free 
Code 1 Day ESD 7 Day ESD 28 Day ESD Water% Water% 
0079/2/0.5 8.2 ±0.26 15.2 ±3.62 23.5 ±1.28 1.7 23.0 
0079/6/0.5 11.8 ±2.86 12.9 ±3.26 15.8 ±3.46 0.0 25.3 
0079/10/0.5 12.5 ±1.86 14.7 ±2.98 17.0 ±2.72 0.0 26.6 
0079/2/0.75 0.8 ±0.07 4.8 ±0.50 8.1 ±1.11 5.8 32.8 
0079/6/0.75 1.5 ±0.28 4.5 ±0.27 6.8 ±0.52 0.0 34.8 
0079/1010.75 2.9 ±0.21 6.9 ±0.02 8.2 ±0.90 0.0 35.3 
0079/2/1.00 0.4 ±0.05 1.9 ±0.41 3.3 ±0.55 17.4 36.6 
0079/6/1.00 0.4 ±0,04 1.4 ±0.06 2.8 ±0.32 2.2 42.5 
0079/10/1.00 0.5 ±0.08 2.2 ±0.19 3.0 ±0.59 0.4 42.8 
0096/2/0.5 5.1 ±0.20 11.6 ±1.56 23.3 ±2.40 3.5 23.3 
0096/6/0.5 8.5 ±0.53 13.4 ±3.56 16.7 ±0.19 0.0 24.4 
0096/10/0.5 10.8 ±3.21 18.2 ±1.15 13.1 ±1.93 0.0 29.7 
0096/2/0.75 1.4 ±0.50 5.2 ±1.09 7.8 ±0.61 10.1 31.9 
0096/6/0.75 2.9 ±0.36 5.6 ±0.04 6.2 ±0.48 0.0 34.1 
0096/10/0.75 5.2 ±0.58 5.3 ±0.22 10.0 ±1.17 0.0 34.9 
0096/2/1.00 0.3 ±0.06 1.9 ±0.06 3.5 ±0.30 14.5 38.9 
0096/6/1.00 0.3 ±0.06 2.0 ±0.09 3.4 ±0.79 2.2 41.8 
0096/10/1.00 0.4 ±0.06 2.9 ±0.51 4.9 ±0.47 0.1 42.1 
0100/2/0.5 6.7 ±0.75 11.5 ±1.82 23.3 ±1.05 2.5 22.6 
0100/6/0.5 4.1 ±0.67 5.8 ±0.47 9.9 ±0.15 0.0 24.8 
0100/10/0.5 0.8 ±0.05 4.4 ±0.83 8.2 ±0.31 0.0 26.0 
0100/2/0.75 1.8 ±0.07 3.6 ±0.22 6.4 ±0.65 7.7 31.0 
0100/6/0.75 1.6 ±0.12 2.2 ±0.20 2.7 ±0.65 0.3 34.3 
0100/10/0.75 0.4 ±0.04 2.1 ±0.12 3.3 ±0.16 0.0 35.3 
0100/2/1.00 0.6 ±0.04 1.9 ±0.13 3.7 ±0.31 13.1 38.0 
010016/1.00 0.5 ±0.03 1.2 ±0.14 2.3 ±0.96 1.8 41.9 
0100/10/1.00 0.0 ±0.00 0.8 ±0.17 1.7 ±0.54 2.0 43.4 
OPC/0.5 6.5 ±0.68 24.1 ±1.47 29.1 ±3.08 3.7 22.0 
OPC/0.75 1.5 ±0.04 7.2 ±0.06 10.9 ±0.14 12.6 29.3 
OPC/1.00 0.9 ±0.08 3.5 ±0.27 4.3 ±0.55 23.8 32.0 
Sample Code example 0079/2/0.5 = Addition of sodium silicate grade 0079 @ 2% addition (d3 
0.5 water/solids ratio. N/mm2 = Newtons per mm2, ESD - Estimated Standard Deviation 
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Table A4 Strength, bleed and free water for pozzalon replacement 
Sample Unconfined Compressive Strength (Nlmm) Bleed Free 
Code I Day ESD 7 Day ESD 28 Day ESD Water Water 
20PFA/800PC+0079 1.4 
20PFA/800PC+0096 1.5 
20PFA/80OPC+0100 1.0 
20PFA/80OPC 1.8 
80PFA/200PC+0079 0.2 
80PFA/20OPC+0096 0.3 
80PFA/20OPC+0100 0.3 
80PFA/200PC N. S. 
20GGBS/80OPC+0079 1.0 
20GGBS/80OPC+0096 0.6 
20GGBS/80OPC+0100 0.1 
20GGBS/80OPC 1.8 
80GGBS/20OPC+0079 11.1 
80 GGB S/200 P C+0096 1.6 
80GGBS/20OPC+0100 1.1 
80GGBS/20OPC N. S. 
±0.15 4.1 ±0.06 6.3 
±0.11 4.8 ±0.28 7.7 
±0.01 2.6 ±0.31 5.0 
±0.42 5.5 ±0.40 9.5 
±0.02 0.7 ±0.00 2.1 
±0.06 0.8 ±0.12 2.3 
±0.04 0.8 ±0.08 2.2 
- 1.2 ±0.51 2.6 
±0.77 0.6 35.2 
- 0.6 35.9 
±0.39 1.1 35.3 
±0.99 5.9 31.7 
±0.11 0.3 41.2 
±0.17 0.0 41.1 
±0.41 0.1 39.7 
±0.15 11.6 29.5 
±0.20 5.3 ±1.02 9.1 ±0.69 
±0.06 4.0 ±0.17 6.6 ±0.64 
±0.01 3.2 ±0.14 5.0 ±0.13 
±0.27 8.8 ±0.51 14.1 ±0.39 
±0.09 4.4 ±0.09 4.8 ±0.43 
±0.24 5.3 ±0.47 5.6 ±0.70 
±0.09 2.9 ±0.81 4.6 ±0.39 
- 9.1 ±1.11 19.7 ±1.39 
20MS/80OPC+0079 1.3 ±0.18 2.6 
20MS/80OPC+0096 0.5 ±0.05 3.5 
20MS/80OPC+0100 0.0 ±0.01 1.7 
20MS/80OPC 1.9 ±0.16 5.2 
80MS/200PC+0079 0.7 ±0.09 1.5 
80MS/200PC+0096 1.0 ±0.11 2.1 
80MS/200PC+0100 0.6 ±0.07 3.5 
80MS/20OPC N. S. - 1.2 
±0.28 5.1 ±0.19 
±0.34 5.4 ±0.11 
±0.08 3.5 ±0.37 
±0.75 8.1 ±0.84 
±0.09 1.8 ±0.33 
±0.19 2.6 ±0.22 
±0.28 2.5 ±0.29 
±0.15 1.8 ±0.27 
0.6 34.3 
0.6 35.9 
1.8 35.2 
5.4 31.5 
0.4 40.1 
0.0 42.1 
3.2 39.7 
14.8 17.7 
0.8 37.8 
0.6 36.8 
2.4 35.3 
4.1 33.3 
1.3 41.8 
1.1 41.3 
0.4 41.1 
0.2 24.9 
20MK/80OPC+0079 2.6 ±0.30 10.9 ±0.81 10.9 ±0.39 0.4 37.6 
20MK/80OPC+0096 2.1 ±0.18 10.5 ±1.05 12.0 ±0.02 0.0 34.0 
20MK/80OPC+0100 1.9 ±0.09 7.3 ±0.65 7.8 ±0.29 1.5 35.2 
20MK/80OPC 2.4 ±0.30 14.8 ±0.52 16.9 ±1.63 0.7 20.8 
20RHAIc/800PC+0079 2.8 ±0.15 6.4 ±1.58 10.0 ±0.13 0.3 37.4 
20RHAIc/80OPC+0096 2.0 ±0.15 6.1 ±0.37 8.7 ±1.13 0.2 35.6 
20RHAIc/800PC+0100 0.2 ±0.03 4.1 ±0.17 6.0 ±0.03 1.7 37.2 
20RHAIC/800PC 2.6 ±0.32 6.4 ±0.69 12.5 ±1.19 4.3 19.7 
20RHAhc/800PC+0079 2.6 ±0.30 6.4 ±0.75 8.0 ±0.84 0.0 37.7 
20RHAhc/800PC+0096 2.2 ±0.15 12.9 ±0.65 16.9 ±1.23 0.0 30.0 
20RHAhc/SOOPC+0100 0.4 ±0.05 3.4 ±0.01 6.6 ±0.17 0.0 35.3 
20RHAhc/800PC 1.4 ±0.18 4.5 ±0.06 9.3 ±0.52 2.7 22.6 
N. S. = No Set, PFA - Pulverised Fuel Ash, GGBS - Ground Granulated Blast Furnace Slag, MicroS - Microsilica, MK - Metakaolin, RHA - Rice Husk ash, Ic - low carbon, he - high 
carbon, N/mm2 ESD - Estimated Standard Deviation 
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Table A5 
Meq HNO3 
per g 
.. `_ 0.0 
2.4 
4.8 
7.2 
9.6 
12.0 
14.4 
16.8 
19.2 
21.6 
24.0 
ANC - OPC, OPC raw and GGBS raw 
OPC 0.5 WC 
13.01 
12.63 
12.26 
12.15 
11.45 
10.96 
10.20 
9.58 
6.67 
2.73 
0.55 
OPC 0.75 WC 
12.99 
12.49 
12.26 
12.14 
11.39 
10.98 
10.43 
9.49 
6.91 
2.43 
0.41 
pH 
OPC 1.00WC 
12.97 
12.62 
12.22 
12.11 
11.35 
11.04 
10.43 
9.44 
6.63 
2.64 
0.83 
OPC GGBS 
13.10 12.40 
12.53 7.31 
12.29 6.64 
12.21 5.58 
11.22 5.07 
10.55 4.69 
10.06 4.11 
9.96 3.16 
9.61 2.71 
8.02 2.44 
2.91 2.29 
Table A6 ANC - Sodium silicate, PFA raw and Rhc raw 
Meq HNO3 pH 
perg 0079 0096 0100 PFA Rhc 
0 11.50 11.71 12.40 12.61 
0.4 11.27 11.44 9.55 
0.8 11.07 11.25 12.02 7.15 
1.2 11.12 11.15 3.81 
1.6 10.98 11.12 11.41 3.12 
2.0 10.65 10.98 2.86 
2.4 9.56 10.88 11.02 2.58 
2.8 6.26 10.51 1.53 
3.2 1.16 8.96 10.91 1.27 
3.6 0.89 3.66 0.69 
4.0 0.77 1.16 9.46 0.63 
4.4 
4.8 
5.2 
5.6 
6.0 
6.4 
6.8 
7.2 
7.6 
8.0 
1.07 
0.65 
0.44 
0.39 
0.26 
10.16 
8.89 
7.23 
4.56 
2.98 
1.24 
0.78 
0.45 
0.34 
0.22 
0.11 
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Table A7 ANC - PFA20%/OPC8O% + sodium silicate *-0.75WC 
Meq HNO3 per 
9 
0.0 
2.4 
4.8 
7.2 
9.6 
12.0 
14.4 
16.8 
19.2 
21.6 
24.0 
Table A8 
Meq HNO3 
per g 
0.0 
0.8 
1.6 
2.4 
3.2 
4.0 
4.8 
5.6 
6.4 
7.2 
8.0 
pH 
PFA(20) + 0079 PFA(20) + 0096 PFA(20) + 0100 
13.01 12.91 
12.60 12.39 
12.06 11.81 
11.16 11.08 
10.77 10.18 
9.87 9.31 
7.67 7.73 
2.69 2.76 
1.18 1.31 
0.96 0.98 
0.81 0.67 
12.89 
12.54 
11.92 
11.12 
10.35 
10.07 
8.10 
3.00 
1.86 
0.77 
0.98 
ANC - PFA80%IOPC20% + Sodium silicate O. 75WC 
PFA(80) + 0079 PFA(80) + 0096 
12.72 
11.41 
10.69 
10.17 
9.29 
8.41 
5.18 
3.14 
2.57 
2.1 
1.4 
GGBS(20) 
Table A9 ANC - GGBS20%/OPC80% +Sodium silicate 
M 
per g 
0.0 
2.4 
4.8 
7.2 
9.6 
12.0 
14.4 
16.8 
19.2 
21.6 
24.0 
GGBS(20) + 0079 
13.01 
12.60 
12.06 
11.16 
10.77 
9.87 
7.67 
2.69 
1.18 
0.96 
0.81 
+ 
12.44 12.76 
11.35 11.38 
10.52 10.8 
9.96 9.86 
9.32 9.44 
8.01 8.56 
4.56 5.77 
3.25 3.31 
2.57 2.73 
2.18 2.23 
1.16 1.33 
pH 
PFA(80) + 0100 
pH 
0096 
PFA(20) + OPC 
12.82 
12.36 
12.10 
11.18 
10.79 
9.86 
7.96 
2.84 
1.21 
0.33 
0.52 
PFA(80) + OPC 
12.42 
11.38 
10.85 
9.59 
8.71 
6.56 
3.73 
3.01 
2.48 
1.44 
1.15 
GGBS(20) + 0100 
12.91 12.89 
12.39 12.54 
11.81 11.92 
11.08 11.12 
10.18 10.35 
9.31 10.07 
7.73 8.10 
2.76 3.00 
1.31 1.86 
0.98 0.77 
0.67 0.98 
GGBS(20) + OPC 
12.82 
12.36 
12.10 
11.18 
10.79 
9.86 
7.96 
2.84 
1.21 
0.33 
0.52 
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Table A10 ANC - GGBS80%IOPC20% +Sodium silicate 
Meq HNO3 
per g GGBS(80) + 0079 
0.0 12.88 
2.4 11.22 
4.8 10.29 
7.2 9.11 
9.6 8.08 
12.0 5.71 
14.4 4.39 
16.8 3.04 
19.2 2.75 
21.6 2.02 
24.0 2.04 
pH 
GGBS(80) + 0096 GGBS(80) + 0100 
12.94 12.68 
11.26 11.01 
10.09 9.78 
8.88 8.73 
7.79 7.86 
5.96 6.47 
4.18 4.27 
3.44 2.95 
2.80 2.38 
2.24 1.77 
1.36 1.06 
Table All ANC -Rhc20%/OPC80% + sodium silicate 
Meq HNO3 
per g Rhc(20) + 0079 
0.0 12.73 
2.4 12.30 
4.8 11.41 
7.2 10.71 
9.6 10.03 
12.0 9.28 
14.4 8.03 
16.8 2.76 
19.2 0.89 
21.6 1.37 
24.0 0.78 
pH 
Rhc(20) + 0096 Rhc(20) + 0100 
12.89 12.84 
12.00 11.98 
10.86 11.09 
10.55 10.54 
7.20 9.81 
6.64 8.78 
4.47 6.31 
2.40 2.62 
1.34 1.43 
0.89 1.16 
0.48 0.42 
GGBS(80) + OPC 
12.79 
11.26 
10.10 
8.15 
6.64 
4.51 
3.78 
2.94 
2.50 
0.86 
0.15 
Rhc(20) + OPC 
12.79 
12.30 
11.44 
10.50 
9.55 
7.91 
3.16 
1.95 
1.06 
1.38 
0.79 
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Table A12 Strength and immersion 
May (I) 7 Day (s) 
1 Day (30.5 mm x (42 mm x 21 
30.5 mm) mm) 
FA 
Mix Design 1 
5% 7.69 
10% 6.27 
15% 3.63 
20% 2.34 
30% 1.59 
Mix Design 2 
5% 10.23 
10% 5.29 
15% 2.97 
20% 2.68 
30% 1.87 
80% 0.32 
Mix Design 3 
5% 8.67 
10% 6.73 
15% 5.31 
20% 4.10 
30% 2.29 
80% 0.59 
MO 
Mix Design 1 
5% 13.83 
10% 11.52 
15% 10.29 
20% 7.69 
30% 4.30 
Mix Design 2 
5% 11.97 
10% 11.46 
15% 8.57 
20% 7.28 
30% 2.73 
80% 0.18 
Dev 
Std 28 Da 56 Day 
Day 
Mean yy Immersion 
16.71 16.21 16.46 0.35 
21.32 22.98 22.15 1.17 
15.92 11.17 13.55 3.36 
7.34 6.92 7.13 0.30 
5.19 6.36 5.78 0.83 
21.17 18.13 19.65 2.15 
16.78 16.5 16.64 0.20 
10.96 8.14 9.55 1.99 
7.38 6.59 6.99 0.56 
4.86 5.06 4.96 0.14 
- 0.60 -- 
33.6 33.56 33.58 0.03 
29.78 27.85 28.82 1.36 
21.87 20.43 21.15 1.02 
12.17 11.59 11.88 0.41 
8.02 7.89 7.96 0.09 
- 0.99 -- 
20.1 20.75 
25.1 29.09 
14.04 17.20 
9.78 13.89 
10.79 13.13 
22.51 26.41 - 
21.89 21.99 20.94 
12.5 13.22 - 
13.23 13.97 - 
11.54 11.86 11.64 
1.01 1.48 0.19 
47.14 47.20 - 
34.76 33.27 39.52 
28.00 29.32 - 
15.54 18.97 - 
14.55 15.40 17.28 
1.76 2.26 3.59 
22.17 23.63 22.90 1.03 27.62 29.57 
19.43 19.65 19.54 0.16 24.71 29.72 
18.37 18.21 18.29 0.11 22.81 26.05 
16.79 18.22 17.51 1.01 21.67 24.97 
15.51 17.71 16.61 1.56 19.84 22.80 
25.54 22.22 23.88 
16.08 15.57 15.83 
20.77 15.08 17.93 
19.97 20.86 20.42 
17.08 18.79 17.94 
1.67 -- 
2.35 29.22 33.36 - 
0.36 25.51 30.04 29.56 
4.02 20.54 27.68 - 
0.63 19.51 26.19 - 
1.21 19.02 20.54 19.97 
- 2.96 3.80 
3.31 
Mix Design 3_ 
5% 4.90 19.75 20.66 20.21 0.64 31.93 
33.55 
10% No Set 16.47 18.69 17.58 1.57 23.18 
24.45 22.45 
15% No Set 15.29 17.27 16.28 1.40 18.44 
19.22 - 
20% No Set 14.44 13.08 13.76 0.96 19.10 
21.44 20.25 
30% No Set 7.93 9.10 8.52 0.83 19.42 
21.70 1.41 
80% No Set 0.23 ---0.75 
0.79 - 
Controls 
MD1 10.97 23.02 24.55 
MD2 4.00 12.90 14.11 
OPC 7.54 24.85 25.28 
23.79 1.08 31.10 30.97 
13.51 0.86 26.89 28.47 26.58 
25.07 0.30 38.66 46.25 47.85 
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Table A13 Bleed and evaporable/Free water for waste additions and controls 
Bleed % 
Evaporable/Free Water % 
1 Day 28 Day 56 Day 
APC 
Mix Design 1 
5% 0.42 24.89 20.79 
20.43 
10% 1.95 25.98 20.32 
20.27 
15% 0.94 25.54 20.43 
19.38 
20% 0 26.09 21.35 
20.28 
30% 0 26.53 22.84 
21.11 
Mix Design 2 
5% 0 24.56 20.17 
19.95 
10% 1.25 24.70 20.2 
20.12 
15% 1.09 24.71 20.58 
19.52 
20% 0 24.96 20.83 
19.13 
30% 0 25.82 22.03 
20.90 
80% 0 35.46 34.73 
32.58 
Mix Design 3 
5% 4.81 23.03 17.97 
17.75 
10% 3.26 22.64 18.64 
17.79 
15% 1.86 22.89 17.92 
17.84 
20% 0 23.77 19.55 
18.83 
30% 0 24.85 21.21 
20.52 
80% 0 35.05 29.3 
26.98 
MO 
Mix Design 1 21 06 
5% 0 22.88 21.08 
10% 0 22.63 21.34 
21.19 
15% 0 24.07 21.41 
21.52 
20% 0 24.79 21.45 
21.98 
30% 0 27.64 22.81 
22.24 
5% 
Mix Design 2 
23.77 21.2 20.43 0 
10% 0 23.40 21.46 
21.5 
15% 0 23.15 22.16 
21.49 
20% 0 25.17 22.19 
22.04 
30% 0 26.51 22.89 
22.76 
80% 0 40.04 40.23 
3925 
Mix Design 3 
5% 8.03 22.53 17.76 
17.58 
10% 2.92 27.72 18.67 
18.36 
15% 1.3 29.43 19.5 
18.89 
20% 0.52 31.68 19.87 
19.26 
30% 0 31.82 20.89 20.37 
80% 0 39.96 35.73 
33.58 
Controls 
MD1 0 21.34 20.96 
19.44 
MD2 0.33 24.53 21.54 
20.04 
OPC 4.08 21.45 17.52 
16.34 
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Table A14 Total porosity - Waste and controls 
Total Porosity ml/g Porosity mug Porosity mUg 
Intrusion Intrusion 
12 Std Dev <0.05 um >0.05 pm 
APC 
Mix Design I IDay 
10% 0.4065 0.4066 0.0001 0.1330 0.2735 
30% 0.5036 0.5039 0.0001 0.1659 0.3657 
Mix Design 1 28Day 
10% 0.4378 0.4382 0.0000 0.3580 0.0798 
30% 0.3017 0.3023 0.0006 0.3023 0.0990 
Mix Design 21Day 
10% 0.4148 0.4150 0.0008 0.1263 0.2887 
30% 0.6016 --0.4002 0.2014 
Mix Design 2 28Day 
10% 0.3837 --0.3105 0.0732 
30% 0.3112 0.3139 0.0019 0.2093 0.1020 
Mix Design 2 56 Day 
10% 0.3485 
30% 0.4694 
80% 0.6865 
0.2487 0.0998 
0.3523 0.1171 
0.2784 0.4081 
Mix Design 31 day 
10% 0.3657 0.3644 0.0009 0.1253 0.2406 
30% 0.3816 --0.1451 0.2365 
Mix Design 3 28Day 
10% 0.2705 
30% 0.2919 
Mix Design 3 56 Day 
10% 0.2851 
30% 0.3365 
80% 0.6502 
0.1920 0.0785 
0.1926 0.0993 
0.2160 0.0691 
0.2594 0.0771 
0.3147 0.3355 
MO 
Mix Design I Day -- 
10% 0.2900 0.1642 0.1258 
30% 0.4730 0.4694 0.0025 0.1422 0.3307 
Mix Design 1 28 Day 
10% 0.2807 0.2827 0.0014 0.1877 0.0924 
30% 0.4165 0.4178 0.0021 0.2953 0.1212 
Mix Design 21 Day 
10% 0.3793 0.3793 0.0000 0.1542 0.2247 
30% 0.4599 0.4569 0.0021 0.1829 0.2762 
MD2 28Day 
10% 0.2891 
30% 0.3423 
MD2 56 Day 
30% 0.4694 
80% 0.9555 
0.2900 0.0006 0.2047 0.0841 
0.3429 0.0004 0.2696 0.0725 
0.3523 0.1171 
0.4875 0.4680 
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MD3 I Day 
10% 0.4119 --0.1225 0.2894 30% 
MD3 28 Day 
10% 0.2709 0.2746 0.0026 0.1764 0.0940 
30% 0.3844 --0.2206 0.1638 
MD3 56 Day 
30% 0.4221 --0.2847 0.1374 80% 0.9580 --0.3312 0.6268 
Controls 
MD1 I Day 0.3397 0.3297 0.0001 0.1245 0.2152 
MD128Day 0.2432 0.2467 0.0025 0.1553 0.0884 
MD2 1 Day 0.4061 0.4063 0.0001 0.0976 0.3087 
MD2 28Day 0.2966 0.2984 0.0013 0.1430 0.1534 
MD2 56 Day 0.2710 --0.2536 0.0174 OPC I Day 0.4211 0.3735 0.0023 0.1358 0.2835 
OPC 28 Day 0.2431 0.2447 0.0011 0.1887 0.0566 
OPC 56 Day 0.2384 --0.2274 0.0110 
341 
N 
c. i a 
0 
N 
-IU 
C» CL 
dO 
ý:. 
ý 
ýV 'IL 
Vo 
0 
_C 
r tD 
r 
Q 
d 
.0 
5 
EE 
N 
V 
a Q 
0 
M 
N 
lp 
£ä 
Vö 
M 
ý 
C 
E 
f+ I', 
ý Q 
d 
.ä R H 
ý'7 E E- 
PE 
M 
pý 
tia M 
tý0 
Ö N(00 
000 OýO OýO 
N 
00 
NO CO 
ýrý 
00 M CO 
ASý 
CV CV CV C7 Cr) CO ef qt It 14 It ý't CV CV -O 
666ddö6ö66co06ööö9999 
OO I- CD fý o '- CD N"- f-- CO M Iý 
M 
U) CMO 
MN 
COO 
O r- "t U) Iý ON U) f- O) ý Cl) 
OO Ný tý '7 
NNNNMM 
ö ci öö6ö0ööd6666999 4°9 99 
00902§0900§09008000000 
O t[) co M 
(fl co ao co a0O N 
cp 
(D N 
et 
(ý rcc, 
NN MA co 
edý 
it U2 1l) LC) LO It CO NýN (Q 
ý 
00 N CO 
0 IT 
I- ý 9 ý 
Ný &ýON gg 0ý 00 
C0D 00 t0 
Ný 0 Sýý 
M 
ON co OON rý OýO OQ 
N 04 04 04 04 MMM er T- I 
CV M tn CQ ti C? 
vvýc ti rn ývý rn 
ý9$ý4 
0) ööý 
4 L6 c0 1- I-- co oOM Lo ti co Ln 16 to NN co Mý CD Iý 0) 
ýýýý 
0000000000 4$ Cp 
ýý Nýý N 
tC O) M e- N f`7 ýý CO CO e- 
ýý 
NM cý) NÖ Nýl d' 1f) O 
e- cM sr e CO "- Ne(O 
9- w- 9- 9- 
OO o0 tn NM ti CD N C` O v- O) CM 000ýM OC) 
r- 
MNM CO e- Lf) ý CO r- NýO IT N In 
ýN 
O) 1- CO N r' 
O "- r r- NN CO Md LO CD C- P- llzt U) LO Ln `? 'It 
-T 11 d 
6 c; o c; c; 6666 ci o00, V- e= - r- V- ý- e- ý 
(D ýMO Cp MN0 fý 2 r- OX Nin CO mO O» Cý M Iý N CD 0 11') N CO N tý 1- ýý ti CO I[) N 
NNM Mý LO O ti CO fý CO tý Iý 1ý ... 
cG 
ÖOOÖOOÖOOÖÖpÖ- 
N 
CO t0 
(D 
D8ýýý (Q 
§OOO N 
ýýý-NN 
f'1n' ý' 
ivd' 
i1) tO0 
ti 
0000000000 ýöý Co ;Zm1ýö 
Co r_ r Co Co Co ýý 
ýýýýýý T- v- 
COD 
WN 
tOD co 
NZo 
co tOD COO CO 
NO 
CO 
O pO OOO 
ýj 
CO 
N ýýNN 
O) 
SO 
O) 
04 co 
ý ýý CV) N 
00 
CV) 
Dý 
It 
co 
<D 
LO 
G 
;tN 
CO h 00 N f- LO ýgý vý Cl) 
Cýl Mýý 
CýO 
ýN 
ýý It MO I- 
C7 It LO co N- P- 0 
Oý ý 
eM- eý - eý- 
ýMýýgý 
0ý0 Oý) 
ý 
ö 
ý 
ý ý 
ri 
ý ý 
00000000000 
00 0ý 0 
00 
QOj 
N00 C0 
U. ) 
D (7) 
C-4 cf) 'It U') (0 co 
ý ýý NMM 
00) CO N CD 
N ti ýN 
NN V' ý I'- CO r. v- 
342 
N 
O 
ý 
O 
O 
Q 
0 ý 0 ý 
N 
... O ýý 
Ea 
Co 
Ii 
C 
ýt! 
a+ 
ao 
ý Q 
m 
.ý H 
Eý 
ýE 
N 
O 
O 
N 
cm0 
E 
M 
l6 
0Ö M 
C 
V 
I-- 
"+ 
0 U7) EF 
PE 
... 
0N CO 0) '-Ct NOd M1 01 NNM CD O t0 CO CO NMNQ r' MO 
co NO co - 1- OOn. co CD O U> Oý V- NNM eý 
Nýý tY) 
ýýý 
CO 
I 
Co rna 0) 0) C73 0) 0) OS000OOO 
00000000 ö6OÖ60ö Cý 0ýýý T- ý r' ýýý 
T- LO 
NýM2 CV} Cl 
r2 
09 
000 
3ý CO 
Co 
ýCN -ý 
Co 
0Co ^Ö 
eN- 
NýN 
10A P0ý Co 
Oin 
f- OOO e- e- NN N(") (n st ý0 tr) to LO CD CO 
CG CO CO CO CO CO 
0000 e- e- e- e- e- e- e- e- e- e- e- e- e- e- e- e- e- e- e- e- e- e- 
e- 
0000000 0$ COO 
ý 
COV 
O 
COO 
ý 
CD CD N CD Co NýCýppO CD ONý 0- m 
ýýL 
ý 
ti 
COO CO 
ý0000 
rrrrrr 
08 Ný 0g Co M 
m§ 
co ý co Mö ti ý 
Mv Ul) to ti ý co 
0 ý 
0 ý Oýý 
(0 Co 
0 
0 N cý 
ý 
ý ý 
000000000g 
ýýý1 ýýý ýý Co rrrrrrrrrr 
rrrrrrrrrr 
ID CD NOýý 
ýO 
ýýOONÄNý 
GýD 
le 
i1j 
ý 
Co tý0 f- 1- I- 1_ f- CD CO Co CO Co CO CG CO 
ýrrrrrrrrýýýýý 9- 9- ý 
LO N O) N U) Mý W) 
O) It V pp st t19 Oi 
O cq LD 0 0) NN 
ý e- ýM 'IT CD Iý Cp 
S C 
ý 
90000 
D 
ö 9 
0 U-) U-) I-- 
V- rý v- rn M r- 9- M tn 0 CO 
('ý7 
M 04 CD N ýöýöý 
O c0 O v 1[ý N Co rn 0 Co OýýNNM dýt O Oý T- r- T- ý- v- v- e- ý 
OU)Ot[)OO4f)OXý 
9v- Co rN rrrrrrrNN 
MmýN O" ÖýN 
ý1 CNO 
ý Cl ýsý ýý00 
ýa 
eý- to 
ti 
0ý Oý 
r 
f'ýý 
Mp 
00 
OOOOOO r' r' "- ý r- d to 
tc) (D CO 1ý 1- P" P" Iý OR 00 0 GD 
ppppoppc; ÖÖO t7 0 t'ý ÖOOÖÖ0Ö0 0000 
M, 1ý 0D M fý ONMO d' -OW CD M G> N f- M co ýp co CO ýý 
NNN 
co 
C7 
ýO 
et C? O ý' NMM ct 
OOOOOOOOOÖOO ý- ýýýýý `' 
ý 
ý 
N OD 
ý 
ý ýýa C14 $ ýýýýý 
0000 0° o000 0ýp 00oo0000000000 OD N Co Co 
0ý 
NO et No8N 
Mý 
Oý CIi 
ýý 
a0 
Öý ti 
(D 
Ný 
ýýD 1ý ý CA 
e- e- e- ý r' N d' ýý CD 
fD h r, - CO CO 00 00 
ý(» 
O> 
OO 
30 
T- N 
OOooO CD OO 
N CC tC ej N 00 d' O 
NNMMM 
Mw 
M 
N 04 (D Oýp ON t0 
NNNN 
CO 
C7 0 0ý 
ýNýM to 
(C) C) O) 1*- N W) 0) N Co 
Gý(r) 
1- 
'ý V) Lc) (fl I- P- co co 0) cr) (7) 
ý e- V,, r- a- ý r- V- V. - T- ý, 
CD f- co O 1n N CA V) 
M 0) CO Ma I. ýý 04 LO 
N ti 
ON V7 
Ný ýýO CA It d tn Cl) Nh V- c)) CO CV O) ý Öý T- CO ý MO P- C0 C'7 lt) C'7 c) cM s- 00 0rýN Cl) Mýt IT LO Mý CC) CO r-- r-- O tn CO I. - CO CA CA 
OO tpn 000ý Cp 
ÖOM 
Co 
00Op O 
OOOOOOOCN 000 
ýNMO "- 00 0) M ti e- Oýj ý _Mi ýNM et OýO Co e- ý- r- NNN CO 
O0M0 ý 
00 
ý r4 e ýý ýý NN 
343 
I. 0 ý 
C) 
a QO 
3 
C) 
a 
0 
oý ti 
E$ 
p 
>Ö 
ýv 
a VO 
e 
E 
ý oý 
ý Q 
d 
.c R H 
EI 
O 0) m Co Ö Ög Ög Ö Co rý OÖ00 c2 NM Qý WN ýý ý QO 
ööö0ööööö0o0000000äo0000ö00 
V CO CO N0) OD CA CA r tp r- l- MN CO 
NNýM 
c) CD 
U') 
ýý 
to CO ýO 
Nti 
N. ý 
OOOOOOOOOÖ00000 a ýýýýýý Co rn 9 
cn h. 
e- r- e- r- r r- ý-- ý- a- ý- 
OOOOO 
COO CO 000 0M0N .ý 
ýj ýºN. 
1f) 
N '- 
M' Nýýý t') C" NN Mc 
to 1- 0O T" rrrrr Cl) sr to CO 1` co co co 00 mO rr 
O 
pý 
Oj OO Oý Oý Oj O(ý O O(e 
dpý 
e 
Ný NN 
cp tp 
ýýS 
COý 
NN 0 C: ) 
Oýp Op OOO 
CID Ný 
tt ýýý ý[) (MO 
ýý 
Iý Co Co Co 000 
N IJ') ý CO CO 
ANNNNNN 
1, ýý Q) CO ÖN (N (X) 
Co 
pNC tiý pOýONtI: 
ti 
C? O Q> M in "- M Co LO CV Co st (» 
Co OÖM 
Lt) r- Co Oýx ýýýýý O r- ýNN ý u') co hN ao 1- rr 1- 1- e- NN e- 1- e- r- r- 
00000 pp OO 
Mýý OM Oý Oý 00 CY qt ýOM Iý M CýO pý O> 1ý OOp OR OOON CO 
gO1.121 O 
ý le ýNO er (O CO rr e- 
et 
N 
ýp 
CrJ W ýY ý Nýý (O CD Cn ý- 
NM 
ýrýýý 
344 
Table A20 ANC -10% APC replacement 
Meq HNO3 pH 
per g IOAPCI IOAPC2 IOAPC 
0 12.88 13.02 12.97 
2.4 12.26 12.32 12.38 
4.8 11.87 12.02 12.13 
7.2 11.02 11.23 11.21 
9.6 10.51 10.61 11.05 
12 9.62 9.76 9.98 
14.4 7.06 6.46 7.02 
16.8 3.39 3.19 3.49 
19.2 1.95 1.15 2.91 
21.6 0.45 0.9 1.4 
24.0 0.00 0.28 0.29 
Table A21 ANC - 30% APC replacement 
Meq HNO3 pH 
per g 30APC1 30APC2 30APC 
0 12.57 12.61 12.89 
2.0 12.19 
2.4 12.09 12.02 
4.0 11.7 
4.8 11.28 11.14 
6.0 11.09 
7.2 10.68 10.52 
8.0 10.49 
9.6 10.25 9.59 
10.0 9.87 
12 7.29 6.25 8.74 
14.0 5.19 
14.4 4.38 3.83 
16.0 2.89 
16.8 2.99 1.34 
18.0 1.87 
19.2 0.28 0.23 
20.0 1.07 
21.6 0.13 0.09 
24.0 0.00 0.00 
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Table A23 ANC - 10% MO replacement 
Meq HNO3 
per g 10MO1 
0 13.11 
2.4 12.37 
4.8 11.92 
7.2 11.2 
9.6 10.23 
12 8.93 
14.4 6.18 
16.8 3.62 
19.2 2.76 
21.6 1.04 
24.0 0.04 
pH 
10M02 10M0 
12.86 13.04 
12.26 12.32 
11.73 12.08 
10.97 11.36 
10.31 10.58 
9.29 9.49 
5.29 6.26 
3.29 3.43 
1.67 2.34 
0.79 1.27 
0 0.18 
Table A24 ANC - 30% MO replacement 
Meq HNO3 pH 
per g 30M01 30M02 30M0 
0 12.84 12.77 12.66 
1.6 12.3 
2.0 11.99 12.1 
3.2 11.55 
4.0 11.13 11.29 
4.8 10.83 
6.0 10.48 10.47 
6.4 10.61 
8.0 10.08 9.79 10.18 
9.6 8.64 
10.0 8.46 8.44 
11.2 6.01 
12.0 5.83 5.94 
12.8 4.82 
14.0 3.97 4.5 
14.4 3.85 
16.0 2.59 2.36 2.79 
18.0 1.36 1.04 
20.0 0.89 0.34 
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Table A25 ANC - APC only and 80% APC replacement 
Meq HNO3 
per g 
0.0 
1.2 
2.4 
3.6 
4.8 
6.0 
7.2 
8.4 
9.6 
10.8 
12.0 
Table A26 
Meq HNO3 
per g 
0.0 
0.8 
1.6 
2.4 
3.2 
4.0 
4.8 
5.6 
6.4 
7.2 
8.0 
Table A27 
Meq HNO3 
per g 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
pH 
APC+0079 APC 80APC+0079 80APC 
12.03 12.35 12.16 12.19 
11.65 12.23 11.61 11.76 
11.04 11.95 10.98 11.03 
9.75 10.23 10.45 10.52 
8.76 8.95 9.89 9.94 
6.82 7.07 9.08 9.43 
6.02 6.47 8.04 8.20 
5.53 5.94 6.16 6.07 
3.8 3.16 5.54 5.60 
2.67 2.9 3.68 3.90 
1.93 1.97 1.59 1.71 
ANC - MO 
pH 
MO+0079 MO 
7.75 7.94 
6.7 6.91 
6.16 6.45 
5.7 5.87 
4.82 5.01 
4.44 4.45 
3.37 3.85 
2.16 2.62 
1.47 1.74 
1.11 1.25 
0.89 0.99 
ANC - 80%MO replacement 
pH 
80M0+0079 80MO 
11.65 11.92 
10.04 10.8 
9.28 9.92 
8.40 8.72 
7.28 7.31 
6.65 6.58 
5.87 5.88 
4.82 4.89 
3.89 4.11 
3.00 3.04 
1.72 1.72 
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Table A28 ANC - OPC 
Meq HNO3 pH 
per g OPC+0079 OPC 
0 12.97 13.11 
2.4 12.41 12.44 
4.8 12.13 12.19 
7.2 11.17 11.38 
9.6 10.83 11.05 
12 10.25 10.24 
14.4 8.59 8.85 
16.8 4.81 5.71 
19.2 2.47 2.84 
21.6 0.58 1.16 
24 0.18 0.18 
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